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Supramolecular cage complexes are of great interest, not only for their structural elegance, but also for their applications.  Chapter 1 describes a collection of the many types of cage complexes based on three-dimensional polyhedral shapes and the host-guest chemistry that some cages complexes, enabled by their central cavities, are able to exhibit as they encapsulate small molecules.  

This thesis contains a number of studies, starting with an investigation into the host-guest chemistry of the tetrahedral cage complex [M4(Lbip)6⊃(BF4)](BF4)7 [where M = Co(II) or Cd(II)].  Anion exchange is able to take place in these complexes, replacing tetrafluoroborate counterions for 1-naphthyl sulfonate or tetraphenylborate molecules.  This is summarised in Chapter 2.

Chapter 3 details three experiments that look into the stability and the self-assembly process of tetrahedral cage complexes in solution.  Two experiments involve the use of electrospray mass spectrometry, one to monitor the exchange of ligands between two tetrahedral cages, and the other to monitor the exchange of metal(II) ions between two isostructural cages.  The third study follows the self-assembly of a tetrahedral cage by employing UV/vis spectroscopic titrations and uses equilibrium-restricted factor analysis to model the additive factors in the data as definite chemical species.

Chapters 4 and 6 describe new ligands and modifications to ligands by altering the pyrazolyl-pyridine binding units.  It has been discovered that using pyrazine in place of pyridine (Chapter 4) on the ligands has a dramatic effect on the construction of the final product.
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Self-assembly is one of the most important, yet seemingly simple chemical processes to occur.  Indeed, the existence of complex life-forms relies completely upon the self-assembling arrangement of DNA and proteins.  It is believed some 70 %-80 % of all proteins are permanently oligomeric, composed of multiple protein subunits that are held together in a precise spatial organisation through non-covalent interactions.  These interactions are self-directed, requiring no external influence, and demonstrate the importance and the strength of self-assembly as a synthetic tool.1  The challenge lies with being able to fully understand and predict the processes before self-assembly can be fully exploited.

Supramolecular chemistry is described as “chemistry beyond the molecule” by Lehn in the respect that we can consider molecules as the subunits of a supramolecular structure much like atoms are the subunits of a molecule.2  The field of supramolecular chemistry has developed into its own highly interdisciplinary field of science with structures being reported that are highly organised and lend themselves to a variety of applications such as nano-scale flasks,3 catalysts,4 phase transfer agents,5 molecular receptors6 and polydispersity control agents.7





Since then, many types of interaction have been employed to construct supramolecular architectures.  Hydrogen bonds and other weak interactions such as π•••π interactions, van der Waals interactions, electrostatic and hydrophobic interactions can be used, often cooperatively, to assemble supermolecules.  However, the most suited type of interaction for this purpose is the metal-ligand coordination bond.  This type of interaction lies midway between the strength of traditional covalent bonds and weaker intermolecular interactions, producing bond energies in the region 60 – 200 kJmol-1.  A degree of directional control can also be applied through the choice of metal ion and its preferred coordination geometry.  The identity of the final product is therefore predetermined by the system, with the conformational preferences and binding directionality of the components dictating what happens.  If a suitable rigid ligand is used then a retrosynthetic approach can be employed with great effectiveness to produce a supramolecular structure through careful design.16

An essential characteristic of the metal-ligand coordination bonds used to hold together supermolecules is that they must be kinetically labile. The key feature of self-assembling systems is the kinetic reversibility of the processes that occur within them, as numerous association and dissociation steps need to take place to facilitate the formation of a stable structure.  This form of self-correction is critical and leads to the formation of a product that is thermodynamically more stable than the starting materials and any reaction intermediates.16  

The actual formation of closed supramolecular structures such as macrocycles or coordination cages, as opposed to extended polymers, is due to a balance between entropy and enthalpy.  Based on the number of binding interactions supramolecular complexes can be enthalpically more favourable than smaller, simpler complexes yet less favourable than polymers on.  The separate, free components of a system represent the most entropically favourable state and a polymer, the least favourable.  A system composed of discrete three-dimensional supramolecular structures is more entropically favourable than that of polymer chains due to the number of molecules present.16  


1.1 2-Dimensional supramolecular structures 
Two-dimensional metallocyclic complexes have been extensively studied, following the initial work by Fujita17 and Stang.18  Most examples are based on square-planar platinum(II) and palladium(II) complexes as they make effective directing units due to their well-defined coordination geometry.  Used in conjunction with suitable rigid, nitrogen-donor bridging ligands, these metal ions allow the rational design of squares, triangles, rhomboids, rectangles and rings.19 

















This structure proved to be the first demonstration of a self-assembled square by use of a transition metal ion and the first use of an end-capped transition metal in molecular self-assembly.20  Everything about the structure is deliberate and the design is well thought out, using the building-block or “tectonic” approach employed in crystal engineering.22













Iron(II) can be used as well as ruthenium(II) in an innovative way in which ligands and metal ions can cooperate to form desired complexes.  The bridging ortho-phenyl bridging unit produces the necessary 60° angle at the vertices of the triangle and the alkyne spacers prevent unfavourable steric interactions between terpyridine units.25











A balance between entropy and enthalpy determines the relative proportion of each product (Scheme 1.2).  The formation of the square is driven by enthalpy as there is no conformational strain created in the ligands.  Entropy favours the formation of the triangle as more molecules are formed from the same number of components within the system compared to the square.  The relative concentrations can be controlled by observing Le Chatelier’s principle as an increase in overall concentration favours formation of a small number of larger molecules (squares) whereas increased temperature favours a larger number of smaller molecules (triangles).  This assumes that the conversion of squares to triangle is endothermic.16
























When copper(I) is combined with the quaterpyridine unit in a 1:1 ratio, the geometric constraints on the ligand and the stoichiometric and geometric requirements of the copper(I) ions ensure that each bipyridine unit forms a bis-chelate with two different metal ions.  Additionally, the methyl groups present on the central bipyridine units of the ligands impose a twist which helps the ligand partition into two separate bidentate units, as required for a helicate.  This complex is homochiral, as the ligands are arranged in an identical manner, and the two metal centres have the same absolute configuration. 























The self-assembly processes leading to the formation of these double stranded helicates exhibit characteristics observed in biological systems such as positive cooperativity.  The complexation of the first metal ion to its two ligand strands is the rate limiting step of the process.  After that, each sequential metal complexation step is easier as the helicate become more organised.  The ligands also have the ability to self-recognise, for in a system composed of a mixture of ligands no polymers or mixed-ligand species form.  Instead, the system organises itself so that the only products are the various double stranded helicates, formed between matching ligands and copper(I) ions.


































The inclusion of the chloride ion in the centre of the structure suggested that it acts as a template for the assembly of the cyclic helicate.  This suspicion was confirmed as the use of larger counter ions such as sulphate, tetrafluoroborate and hexaflurosilicate leads to the formation of a hexanuclear circular helicate with a larger cavity to accommodate the larger ion.  When bromide is used, a counterion of intermediate size, a mixture of both hexanuclear and pentanuclear circular helicates is formed.37  The template-effect seen at work here shows how the helicate acts as a receptor and self-assembles in response to the substrate.  It was also found that the hexanuclear structure can be quantitatively converted to the pentanuclear circular helicate by exchanging the sulphate anion for chloride.  This system is therefore able to function as a virtual combinatorial library as different structures can be assembled from the same set of components.38  Each of the individual species available within the library represents all of the available products as they are able to disassemble and reassemble to form each other in dynamic combinatorial chemistry process.38




















































One of the things that most cages have in common is the inclusion of bridging ligands to link together the metal ions present in the structure.  The simplest cage based on a platonic solid is the tetrahedron, possessing six edges and four vertices.  The first coordination case of this type was serendipitously discovered by Saalfrank47 and since then many cages based on various design principles have been developed.












































If just the ligand and indium salt are combined, with no caesium carbonate present, the ligand becomes protonated at the central nitrogen and a tetrahedral cage cation forms.  In this case no encapsulated ion is present within the central cavity showing that there is no need for a templating molecule.  Additionally, if this complex is then treated with triethylamine, a cage with a no overall charge exists.  The caesium-encapsulated complex can also be obtained from the N-protonated tetranuclear In(III) species by deprotonation using caesium carbonate.50    





Figure 1.8 Structures of the cubic cage and the ‘open-book’ metal framework from metal(II) ions and Lm-ph.  

Whether or not these structures are in dynamic equilibrium or if they can be controlled by suitable guest molecules has not been determined.  The fact that two different structures can result from the same set of molecules shows behaviour similar to some of the virtual combinatorial libraries that have been developed.52,53  However, in one case, dissolution of crystals of an M8L12 cube gives a solution with an NMR spectrum consistent with the M6L9 open-book structure, implying complete rearrangement upon dissolution.54 

Face-directed self-assembly involves the linkers spanning some or all of the resulting faces of the cage compound and therefore connecting at least three metal ions.  In the example shown in Scheme 1.6Scheme 1.6Scheme 1.7















































































The host-guest behaviour exhibited by molecular cages is one of the most exciting aspects of supramolecular chemistry and takes it into the realm of nanotechnology.  One of the reasons the host-guest interaction is such an interesting characteristic of supramolecular cages is the likeness it has to enzyme-substrate binding.  In addition to cages acting as “molecular flasks”61 to contain specific guests, there have been reports of cages used as “micro-reactors”, speeding up the rate of certain reactions.20,62  As opposed to many smaller homogeneous catalysts where the substrate simply binds to a metal centre,63,64 cages have the potential to encapsulate the substrate, also employing a high degree of shape and size selectivity.65  The scope for this application is immense, as there are numerous reactions that have the potential to be catalysed through the use of an artificial enzyme.  There are a number of features that enzymes exhibit that need to be mimicked by a synthetic supramolecular cage in order for it to function in a similar role.  The size, shape and chemical environment of a cavity can be used in order to control the recognition and reactivity of a substrate.  The host may stabilise the transition state of a reactive species with appropriate inwardly directed functional groups.66,67  Also, an enzyme interior is often relatively hydrophobic, which will favour certain reactions and products.  

1.5.1 Cation encapsulation 


































1.5.3 Neutral molecule encapsulation












































































1.6 Reactions and catalysis within cage complexes













































1.7 Tailoring the internal cavity





























Recently, another iteration of the nano-sphere has also shown the ability to control the size and shape of growing silica nanoparticles.  The sugar-lined inner surface provides the correct conditions for the growth of core-shell SiO2/TiO2 and SiO2/ZrO2 nanoparticles and the restrictive size of the cage’s central cavity ensures highly monodisperse molecular weight distributions (Mw/Mn < 1.01).94

1.8 Conclusion  
In this chapter we have described some of the earlier examples of the self-assembly of coordination driven structures, beginning with squares and triangles before moving on to helicates.  From there the self-assembly of polyhedral cages has been described, including the various synthesis concepts and some of the vast array of shapes achievable using the coordination chemistry of the labile metal-ligand bond.

As the field has matured many applications have been developed for these structures and some have been described here, mainly focusing on host-guest complexes.  Many cage structures have central cavities which are of the correct size and chemical environment to support the inclusion of small molecules.  Some structures do this by offering isolation from the bulk solvent, whilst others are able to stabilise certain compounds.  Many cages, especially those developed by Raymond and Fujita, are able to catalyse reactions, often by supporting the transition state of a reaction in their size restricting internal cavities.

Many cages have also been developed that possess functionalised internal cavities.  Fujita and co-workers have shown that the inner surface of the cage can be tuned to accept different guests.












2 Anion exchange experiments
2.1 Summary
One of the aims for the development of supramolecular cages is to find applications for which they can be used.  By looking towards nature and natural processes we can see that encapsulation of a guest molecule is a common occurrence and such guest binding is involved in a variety of enzymatic and protein functions.95  Examples of synthetic host-guest complexes were given in Chapter 1 and in this chapter we begin to investigate the properties of the Ward group’s cages within this capacity, many possessing characteristics that may allow them to accommodate guest molecules. 







































Figure 2.2 19F NMR spectra of [Co4(Lbip) 6⊃(BF4)](BF4)7, illustrating the dynamic exchange of free and encapsulated BF4- anions.99






























































A similar NMR experiment to the previously mentioned one was carried out, using low temperature 11B NMR to show that the internal tetrafluoroborate anions are in fast exchange with the external anions at room tempertaure.101  




































2.3 Complexes based on a mixture of two types of anion
An investigation was carried out to see whether complexes based on these cage types could be generated that show preferential binding for certain guest anions within their central cavities.  Samples of [Co4(Lbip)6⊃(BF4)](BF4)7 and [Cd4(Lbip)6⊃(BF4)](BF4)7 containing an excess of either NaBPh4 or Na+(naphthyl-1-sulfonate)- were crystallised.  In both cases crystal structures of mixed-anion cages were obtained but with a tetrafluoroborate anion retained in the central cavity.






Diphenyl phosphate (Figure 2.9) was thought to be a suitable guest molecule as it is an anion possessing both aromatic rings and oxygen atoms.  It was hoped that it would be attracted electrostatically to the cationic cage and possibly form CH•••O hydrogen bonds with the inwardly pointing methylene protons of the cage’s central cavity.  It was also hoped that the phenyl rings may form aromatic π-interactions with the aromatic units of the superstructure, enabling complete or partial encapsulation.  There is also some structural flexibility associated with the molecule that would facilitate its inclusion to a cage complex.  However, the flexibility in this case turns out to be a problem as does the propensity of the anion for acting as a competitive ligand.  It became evident that diphenyl phosphate was a poor choice of molecule to act a as guest anion.  The negative charge is shared by only two oxygen atoms making the species behave as a good ligand.  When combined with cobalt(II) ions, coordination of diphenyl phosphate directly to metal ions occurs, preventing cage formation.   















The crystal structure of the complex was solved in the space group P1 and two of these mixed-ligand structures are present in the asymmetric unit.  The cobalt(II) ions have an octahedral N4O2 coordination geometry but the ligands are slightly distorted in order to bind to them as the methylene carbon atoms are out of the plane of the naphthyl and pyrazolyl rings.  The Co–N bond lengths are unremarkable and lie in the range 2.092 – 2.191 Å and the Co–O bonds are in the range 2.025 – 2.130 Å (Table 2.1).  The Co•••Co separation is 5.023 Å.  Attempts to characterise the product in solution using 1H NMR and electrospray mass spectrometry were not successful.  No evidence using either method showed signs of the complex, suggesting that it is unstable in solution, only forming as it crystallises. 





























































1-Naphthyl sulfonate (Figure 2.11) met the criteria for a potential guest counterion, possessing an aromatic group and a lower charge density on the oxygen atoms than diphenyl phosphate.  This means that there is a lower risk of it acting as a competing ligand and causing degradation of a cage structure.  It also has a planar naphthyl group making it possible for the molecule to form -stacking interactions with the cage.






Figure 2.12 Structure of [Co4(Lbip)6⊃(BF4)](BF4)5(C10H7SO3)2 showing the BF4 anion in the central cavity of the cage and the two naphthyl-sulfonate anions.  The other BF4 anions have been left out for clarity.100100














Figure 2.13 Close-up view of the naphthyl-1-sulfonate anions in the structure of [Co4(Lbip)6⊃(BF4)](BF4)5(C10H7SO3)2, detailing the CH•••π and CH•••O interactions with the external surface of the cage.100

Atom O(2) from one of the sulfonate groups [containing S(1)] forms a weak CH•••O hydrogen-bond with an externally directed methylene proton attached to C(12) with a C•••O separation of 3.35 Å (Figure 2.13(a)).  The naphthyl ring also acts as an acceptor for two CH•••π interactions involving protons [H(253) and H(435)] from a different cage cation; these H atoms lie 2.64 and 2.65 Å from the mean plane of the naphthyl ring.  The second independent 1-naphthyl sulfonate anion behaves similarly (Figure 2.13(b)) as atom O(4) from this sulfonate group is involved in an H-bonding interaction with a pyrazolyl H5 proton attached to C(625) with a C•••O separation of 3.22 Å.  The same naphthyl group is involved in CH•••π interactions both as a donor and an acceptor, with protons from a nearby pyrazolyl-pyridine group [specifically atoms H(335) and H(344)] directed towards its π-cloud, and conversely the naphthyl proton H(17) lying over the face of a cage phenyl ring.  The distances of H(17), H(335) and H(344) from the mean plane of the aromatic group to which they are directed are 2.65, 3.01 and 2.67 Å respectively.100
Electrospray mass spectrometry was carried out on the sample to confirm its existence and stability in solution, showing signals corresponding to cationic complexes containing one naphthyl sulfonate anion.  Although no peak was observed corresponding to the species containing two naphthyl sulfonate anions, it was confirmed that two are associated with cage from the crystal structure.

























Tetraphenylborate (Figure 2.14), despite its size, was chosen as a potential anionic guest due to its four phenyl rings.  It was believed that if the compound was able to fit into a cage cavity, the aromatic rings would arrange in such a way so that they were able to interact with the aromatic rings of the cage through π•••π interactions.

The sodium salt of tetraphenylborate was combined with [Cd4(Lbip)6⊃(BF4)](BF4)7 in solution to induce counterion exchange and crystals were allowed to grow slowly.  Upon analysis using X-ray crystallography it was shown that the tetraphenylborate ions were not residing within the cavity in the solid state, but interacting with the outer surface of the cage.  This was also true for the compound in solution and was confirmed using 1H NMR spectroscopy as no change in chemical shift was observed for the tetraphenylborate once added to the cage complex.

Figure 2.14 shows the structure of [Cd4(Lbip)6⊃(BF4)](BF4)5.5(BPh4)1.5.  The stoichiometry of the anions in this complex arises from the fact that the cage cation lies on a threefold axis passing through Cd(1) (the apical Cd atom).  The asymmetric unit therefore contains 1.333 cations and two complete ligands, i.e. one third of the cage cation.  The BPh4– anion lies with its boron atom on a twofold axis such that the asymmetric unit contains half of a BPh4- anion.  Since three such asymmetric units complete the cage cation, this generates 1.5 BPh4- anions per cation, i.e. three half-anions which are all crystallographically equivalent.  


Figure 2.14 Structure of part of the complex cation of [Cd4(Lbip)6⊃(BF4)](BF4)5.5(BPh4)1.5, highlighting the six nearest neighbour tetraphenylborate anions.100








Figure 2.15 Structure of part of the complex cation of [Cd4(Lbip)6⊃(BF4)](BF4)5.5(BPh4)1.5, highlighting the CH•••π interactions.100


The unit cell of the original cage, [Cd4(Lbip)6⊃(BF4)](BF4)7, analogous to [Cd4(Lbip)6⊃(BF4)](BF4)5.5(BPh4)1.5, exists in the monoclinic crystal system and has C2/c symmetry.99  With the inclusion of the tetraphenylborate ions, this new compound now crystallises in the cubic space group I23.  Electrospray mass spectrometry was also carried out on the sample to confirm its existence and stability in solution.  

Although it would appear as though BPh4- would never fit into the internal cavity of an intact [Cd4(Lbip)6]8+ cage, it is reasonable to suggest that a large guest may gain access as thermal fluctuations occur in the cage structure.  It was initially hoped that the anion would reside within the cavity, but with the phenyl rings pertruding through the cage windows.  It is also possibly that a binding site of a ligand could temporarily dissociate, opening up the cavity and allowing access for a large guest molecule.  





























The host-guest chemistry of two of the Ward group’s cages has been investigated with a small variety of anions.  It has been observed that the choice of anion must be made carefully as it must not act as a better ligand than the pyrazolyl-pyridine ligands.  Sulfonates have proven to be a useful species as the negative charge is spread over three oxygens and therefore they do not compete with the pyrazolyl-pyridine ligands for coordination sites on the metal ions.  The tetraphenylborate anion seems like it may fit into the tetrahedral cage, but only if the phenyl groups were allowed to protrude through the apertures.  Access to the cage cavity is limited by the small size of these apertures but it should be remembered that the cages are not completely rigid and it is possible that they are able to “breathe”, effectively making their passageways larger.  It is also possible that a binding site of a ligand could temporarily dissociate and become unhinged, allowing a guest to access the central cavity.  














1.  Preparation of 1,8-bis(bromomethyl)naphthalene
A literature procedure by Takeuchi was followed and modified.106  To a solution of 1,8-dimethylnapthalene (1.0 g, 6.4 mmol) in dichloromethane (60 cm3) was added n-bromosuccinimide (2.5 g, 16.15 mmol) and AIBN (10 mg, 0.06 mmol).  The mixture was heated to reflux for 1 hr under a tungsten lamp and then allowed to cool to room temperature.  The CCl4 was then removed in vacuo and the solid was then dissolved in DCM and washed with 3 × 50 ml of water.  The solution was then dried using MgSO4 and the DCM was removed to give an off-white solid which was recrystallised using toluene to give orange crystals (1.27 g, 64 %).  1H NMR (400 MHz, CDCl3): δ 7.92 (2H, dd; naphthyl H2/7), 7.66 (2H, dd; naphthyl H4/5), 7.48 (2H, t; naphthyl H3/6), 5.33 (4H, s; CH2). 

2. Preparation of L1,8-nap
A literature procedure by Bell107 was followed and modified.  To a solution of 1,8-bis(bromomethyl)-naphthalene (1.27 g, 4.04 mmol) and 3-(2-pyridyl)pyrazole (1.173 g, 8.08 mmol) in THF (100 cm3) was added aqueous NaOH (2.5 M; 32 cm3).  The resulting mixture was heated to reflux for 24 h and then allowed to cool to room temperature.  On cooling, the aqueous layer was removed using a pasteur pipette.  A brown solid was obtained upon removal of the THF.  Ethyl acetate was added to the solid and the filtrate removed, followed by column chromatography on alumina using 1 % MeOH in DCM to give a white solid L1,8nap (1.18 g, 66 %). 1H NMR (400 MHz, CDCl3): 8.56 (2H, d; pyridyl H6), 7.86 (2H, d;naphthyl H2/H7 or H4/H5), 7.84 (2H, d; pyridyl H3), 7.64 (2H, m; pyridyl H4), 7.39 (2H, t; naphthyl H3/H6), 7.19 (2H, d; naphthyl H4/H5 or H2/H7), 7.12 (2H, m; pyridyl H5), 7.07 (2H, d; pyrazolyl H5), 6.80 (2H, d; pyrazolyl H4), 5.87 pm (4H, s; CH2).  ESMS: m/z 443.5 (M+H)+.  Elemental analysis calculated for C28H22N6: C 76.3, H 4.9, N 19.3 %; found: C 76.0, H 5.0, N 19.0 %.

Synthesis of [Co12(L1,8-nap)18⊃(BF4)4](BF4)20
A literature procedure by Tidmarsh,103 using a solvothermal method was followed to yield an orange solid.
Data for [Co12(L1,8nap)18][BF4]24. Yield: 78 %. ESMS: m/z 10753.32, {[Co12(L1,8nap)18][BF4]19}5+; 2065, {[Co12(L1,8nap)18][BF4]18}6+; 1706, {[Co12(L1,8nap)18][BF4]17}7+; 1450, {[Co12(L1,8nap)18][BF4]16}8+; 1258,
{[Co12(L1,8nap)18][BF4]15}9+; 1108, {[Co12(L1,8nap)18][BF4]14}10+; 989.  Elemental analysis calculated for [Co12(L1,8-nap)18](BF4)24•18H2O: C, 54.6; H, 3.9; N, 13.7 %; found: C, 54.8; H, 4.1; N, 13.7 %.  

Synthesis of [Co2(L1,8-nap)2(PO2(OPh))2](BF4)2
An excess of sodium diphenyl phosphate (2.5 mg, 9.3 x 10-3 mmol) in MeCN was added to [Co12(L1,8nap)18](BF4)24  (20 mg, 1.8 x 10-3 mmol).  Diethyl ether was diffused into the solution afford X-ray quality crystals.

Synthesis of Lbip
1.  Preparation of 3,3’-bis(bromomethyl)biphenyl
A literature procedure by Takeuchi was followed and modified.106  To a solution of 3,3’-dimethylbiphenyl (1.0 g, 5.5 mmol) in dichloromethane (60 cm3) was added n-bromosuccinimide (2.148 g, 12.00 mmol) and AIBN (10 mg, 0.06 mmol).  The mixture was heated to reflux for 6 hr under a tungsten lamp and then allowed to cool to room temperature.  The CCl4 was then removed in vacuo and the solid was then dissolved in DCM and washed with 3 × 50 ml of water.  The solution was then dried using MgSO4 and the DCM was removed to give an off-white solid which was recrystallised using toluene to give white crystals (1.20 g, 63 %).  1H NMR. (400 MHz, CDCl3): δ 7.39 (4H, d; H4/6), 7.19 (2H, t; H5), 7.10 (2H, d; H2), 5.21 (4H, s; CH2). 

2. Prepartion of Lbip
A literature procedure by Paul was followed and modified.99  To a solution of 3,3’-bis(bromomethyl)-biphenyl (1.27 g, 4.04 mmol) and 3-(2-pyridyl)pyrazole (1.173 g, 8.08 mmol) in THF (100 cm3) was added aqueous NaOH (2.5 M; 32 cm3). The resulting mixture was heated to reflux for 24 h and then allowed to cool to room temperature. On cooling, the aqueous layer was removed using a Pasteur pipette. The solution was dried with MgSO4 then re-dissolved in diethyl ether and sonicated to give a white solid Lbip (1.18 g, 66 %). 1H NMR (400 MHz, CDCl3): δ 8.66 (2H, ddd; pyridyl H6), 7.97 (2H, dt; pyridyl H5), 7.80 (2H, d; pyridyl H3), 7.75 (2H, dd; biphenyl H6), 7.45 (2H, t; biphenyl H5), 7.40 (2H, d; pyrazolyl H5), 7.22 (2H, tdd; pyridyl H4), 7.28 (2H, s; biphenyl H4), 6.94 (2H, d; pyrazolyl H4), 6.92 (2H, d; biphenyl H2) 5.49 (4H, s; CH2).  ESMS: m/z 469.6 (M+H)+.  Elemental analysis calculated for C30H24N6: C 76.9, H 5.2, N 17.9 %; found: C 76.8, H 5.3, N 18.0 %.

Synthesis of Lbip complexes
The complexes [M4(Lbip)6](BF4)8 (where M = Co or Cd) and [Cd4(Lbip)6](NO3)8 were prepared solvothermally; the method here given for [Cd4(Lbip)6](BF4)8 is typical.  A Teflon-lined autoclave was charged with Cd(BF4)2. (H2O)6 (0.022 g, 0.07 mmol), Lbip (0.05 g, 0.11 mmol) and methanol (9 cm3).  Heating to 100 °C for 12 h followed by slow cooling to room temperature yielded a white powder.  This was separated and consecutively washed with methanol and then chloroform before being dried in vacuo.  All samples for elemental analysis were dried thoroughly but proved to be hygroscopic, gaining weight when exposed to air; consequently all C, H, N analytical data are consistent with the presence of several water molecules per complex molecule.

Data for [Cd4(Lbip)6](BF4)8.  White solid.  Yield: 98 %. ESMS: m/z 1891.1, {[Cd4(Lbip)6](BF4)6}2+; 1231.7, {[Cd4(Lbip)6](BF4)5}3+; 902.3, {[Cd4(Lbip)6](BF4)4}4+; 704.2, {[Cd4(Lbip)6](BF4)3}5+. Anal. Found: C, 54.0; H, 3.7; N, 12.2 %.  Required for [Cd4(Lbip)6](BF4)8•5H2O: C, 53.4; H, 3.8; N, 12.5 %.

Data for [Co4(Lbip)6](BF4)8.  Orange solid.  Yield: 97 %. ESMS: m/z 1160.4, 
{[Co4(Lbip)6](BF4)5}3+; 848.6, {[Co4(Lbip)6](BF4)4}4+; 661.5, 
{[Co4(Lbip)6](BF4)3}5+; 536.8, {[Co4(Lbip)6](BF4)2}6+.  Elemental analysis calculated for [Co4(Lbip)6](BF4)8•8H2O: C, 55.6; H, 4.1; N, 13.0 %; found: C, 55.8; H, 3.9; N, 13.2 %.  

Synthesis of  [Co4(Lbip)6⊃(BF4)](BF4)5(C10H7SO3)2                        
An excess of sodium naphthalene-1-sulphonate (0.01 g, 0.040 mmol) in MeCN (1 cm3) was added to a solution of [Co4(Lbip)6⊃(BF4)](BF4)7  (0.01 g, 0.0026 mmol) also in MeCN (1 cm3).  Diethyl ether was diffused into the resulting mixture to yield X-ray quality orange crystals.

Data for [Co4(Lbip)6](C10H7SO3)2(BF4)6: yield 26 %. ESMS: m/z 1844, {[Co4(Lbip)6](C10H7SO3)(BF4)5}2+; 1200, {[Co4(Lbip)6](BF4)4(C10H7SO3)}3+; 879, {[Co4(Lbip)6](BF4)3(C10H7SO3)}4+.  Elemental analysis calculated for [Co4(Lbip)6](C10H7SO4)2(BF4)6•12H2O: C, 57.4; H, 4.4; N, 11.2 %; found: C, 57.5; H, 4.6; N, 11.1 %. 

Synthesis of [Cd4(Lbip)6⊃(BF4)](BF4)5.5(BPh)1.5                                              
An excess of sodium tetraphenylborate (0.013 g, 0.038 mmol) in MeCN (1 cm3) was added to a solution of [Cd4(Lbip)6⊃(BF4)](BF4)7  (0.01 g, 0.0025 mmol) also in MeCN (1 cm3).  Diethyl ether was diffused into the resulting mixture to yield X-ray quality white crystals.





































ρ / g cm-3	1.252	1.250	1.315
μ / mm-1	0.402	0.445	0.480
Data, restraints, parameters	27905, 232, 1890	9998, 656, 695	22248, 1419, 1734
Rint for independent data	0.0632	0.1665	0.2407
Final R1, wR2a	0.1239, 0.3857	0.0826, 0.2371	0.1601, 0.4707
a The value of R is based on ‘observed’ data with I > 2σ(I); the value of wR2 is based on F2 values of all data.

Data for [Co4(Lbip)6](C10H7SO3)2(BF4)6 was collected at the EPSRC National Crystallography Service at the University of Southampton on a Bruker APEX 2 diffractometer using either graphite-monochromated Mo-Kα X-radiation from a rotating anode source, or Cu-Kα X-radiation from a sealed tube source.  Data for the remaining two structures [Cd4(Lbip)6](BPh4)1.5(BF4)6.5 and [Co2(L1,8-nap)2(PO2(OPh)2](BF4)2 was collected at the University of Sheffield on a Bruker APEX 2 diffractometer using graphite monochromated Mo-K X-radiation from a conventional sealed-tube source.  After integration of the raw data, and before merging, an empirical absorption correction was applied (SADABS)108 based on comparison of multiple symmetry-equivalent measurements. The structures were solved by direct methods and refined by full-matrix least squares on weighted F2 values for all reflections using the SHELX suite of programs.109 




































































3 Tetrahedral cage stability and self-assembly experiments 

3.1 Summary
Despite the use of labile metal(II) cations, the tetrahedral cage complexes of the Ward group have proven to be remarkably stable in solution.  A ligand exchange experiment has been carried out which uses electrospray mass spectrometry to show that ligands transfer between intact cage structures on a very slow timescale, taking weeks to reach equilibrium.100

A similar experiment was carried out on two isostructural cages, consisting of the ligand Lbip, whereby metal cation exchange was monitored between intact cobalt(II) and cadmium(II) homometallic complexes.  The process proved to be very slow, taking months before equilibrium was reached between the various species.















Electrospray mass spectrometry is a reliable analytical method and is routinely used for confirming the identity of macromolecules and supermolecules.  It employs electrospray ionisation, in which a solution of the analyte is passed through a charged metal capillary to produce an aerosol of charged droplets.  The charged droplets are subjected to a vacuum, heat and often a flow of nitrogen gas to evaporate the solvent.  Desolvation takes place until the ions are small enough to be ejected into the gas phase and analysed.  Although this is a gas phase technique, studies have been carried out to suggest that the results are representative of the species present in solution.111

This analytical method is extremely well suited to the study of large, highly charged molecules as it is relatively gentle.  This often results in the preservation of the molecule as fragmentation can be prevented.  Instead, a series of m/z signals is observed as subsequent counterions are lost from the parent species, each corresponding to a multiply charged species.  Depending on the molecular weight and the number of counterions in a complex, the series of peaks for a particular species can occur over very large m/z range.  In certain cases identification of the charge associated with a particular peak on a spectrum is crucial as a number of species can possess identical m/z values.111,112  For example {Co4(Lbip)6(BF4)4}4+ and {Co2(Lbip)3(BF4)2}2+ have identical component ratios and as a result have identical m/z values.  The charge of a signal can be determined by measuring the separation in mass units between peaks in the isotope splitting pattern.  If there is a separation of 0.5 mass units between isotope peaks then the charge is 2+, whereas if there is a separation of 0.25 then the charge of a species is 4+.  The isotope pattern of a particular species can be used to determine which elements are present and this may also help to assign the signals.   Electrospray mass spectrometry has other advantages such as its ability to detect molecules possessing high molecular weights.  It is commonly used in biological chemistry to analyse proteins and it is able to determine their conformation and complexation.113  It also has extremely low detection limits, meaning only small amounts of material are required for analysis.114


















































The kinetic studies carried out by the Fujita group strongly suggest that multi-component self-assembly roughly undergoes three stages. Initially, there are very rapid equilibrations (ms-1) among the many components.  As more stable structures are formed, the system equilibrates quickly (s-1 to min-1) among the completed and uncompleted self-assemblies.  This is the stage at which the system is most likely to correct the misassembled structures.  The final stage involves very slow equilibration (hours to days) after the self-assembly is complete, resulting in the kinetically stable state of the whole system.59














































3.3 Ligand exchange between tetrahedral cages










The use of kinetically labile metal cations is essential in this case as it allows the self-assembly process to follow a reversible pathway.  If any mistakes are made in the binding of the components, they can simple dissociate after which they will get another attempt at following the correct pathway that leads to a closed structure.  Once that structure is formed, it is much more stable than any of the intermediate species because a thermodynamic minimum has been reached.  The stability (and formation) of the cage complex is due to the use of the bis-bidentate ligands which chelate to two different metal centres.  If one pyrazolyl–pyridine binding unit dissociates from a kinetically labile metal ion, it remains part of the structure as it is still tethered to another one.  As the unhinged ligand is the nearest to the structure, it is most likely to re-coordinate and return the cage to its complete, stable state.  






































































































The spectrum continued to evolve until equilibrium was reached at a total time of 64 days, when there were no more discernible changes (Figure 3.10(b)).  The approximate ratio of the species at equilibrium is 1:6:15:20:15:6:1.  This statistical distribution of the various species is expected if each of the edges of the tetrahedron is treated independently, leading to a highest number of possible arrangements when three of each ligand type are present in the structure.

The slow rate of ligand exchange in theses cage complexes is due to the use of the bis-bidentate ligands; if one pyrazolyl–pyridine binding unit dissociates from a cobalt(II) ion it is still tethered to another one and it is very likely to re-coordinate to fill the vacant binding site of the cobalt(II)  ion.  Reattachment is likely and this may be due to the π•••π stacking between ligands, holding them in place.  A possible mechanism is a concerted process, requiring the simultaneous detachment of both ends of a ligand from two metal(II) ions of a cage complex.  Immediate binding of a new ligand to the two coorditinively unsaturated cobalt(II) ions of the cage will then follow.  The probability of these events occurring, facilitating ligand exchange, is very low and although the mechanism is unknown, this may help explain why the process is so slow.  











3.4 Metal cation scrambling between cages
The ligand containing a 3,3’–biphenyl spacer, separating two bidentate pyrazolyl-pyridine binding units (Lbip), has been used by the Ward group to create a series of isostructural M4L6 tetrahedral cages and is described in the previous chapter.  This structure was used in an experiment to investigate the stability of cages through the exchange of metal cations (rather than the ligands).  Equimolar quanities of [Co4(Lbip)6⊃(BF4)](BF4)7 and [Cd4(Lbip)6⊃(BF4)](BF4)7 were combined in solution and the composition of the mixture was monitored using electrospray mass spectrometry.  These two cages were chosen for a number of reasons: their crystal structures have both been determined and their molecular structures are identical; the molecular weights of the two metals differ enough to allow the various mixed-metal species to be clearly identified in the mass spectra; and crystals of the two complexes can be easily grown.  The need for purity in this experiment is paramount as any excess metal ions effectively catalyse the process, speeding it up.  It was predicted that this experiment would take place on a slower time scale than the one in the previous section as each metal would need to dissociate from the pyrazolyl-pyridine binding units of three different ligands.

A 1:1 mixture of the two homometallic cages complexes, [Co4(Lbip)6⊃(BF4)](BF4)7 and [Cd4(Lbip)6⊃(BF4)](BF4)7,  was prepared at a concentration of ca. 2.5 mM in MeCN and the electrospray mass spectrum was monitored at regular intervals, initially daily and eventually weekly.  The initial spectrum shown in Figure 3.12(a) was taken within minutes of combining the two starting compounds and focuses on the 4+ region where the general species {M4(Lbip)6(BF4)4}4+ is generated from the loss of four of the eight anions.  



































Even within minutes of mixing the two compounds, new mixed-metal species can be seen on the spectrum.  Signals at m/z 862 and 889 can be observed and are due to Co3Cd and CoCd3 species.  The 0.25 mass unit spacing confirms that these arise from intact cages with the general formula {M4(Lbip)6(BF4)4}4+.  Surprisingly, even the Co2Cd2 cage is detected with a low intensity at m/z 875.  This signal is also superimposed on a signal for the fragment {CdCo(Lbip)3(BF4)2}2+.  The low intensity of the peaks associated with the mixed-metal tetranuclear cages indicates that the exchange process of metal cations between cages is far from complete.

The solution was analysed at regular intervals, until equilibrium was reached and no more changes were observed.  This finally ocurred 150 days after the initial mixing of the two homometallic cages.  The spectrum in Figure 3.12(b) shows the species present in the approximate ratio 1:4:6:4:1.  This near-binomial distribution is what would be expected if the metal sites are independent of one another, and a statistical distribution of products is therefore obtained.  All of the signals in this region of the mass spectra are of the general species {M4(Lbip)6(BF4)4}4+ as each signal has an isotope splitting pattern with 0.25 mass units separating each isotopic component.  There is very little sign of the {M2(Lbip)3(BF4)2}2+ fragments at this point, indicating that the mixture has truly reached equilibrium. 
 
Over the course of the experiment the Co4 cage signals were consistently more intense than those of the Cd4 species.  This is because cobalt has one isotope whereas cadmium possesses eight, resulting in a Cd4 cage generating a less intense but broader signal spread out over a greater m/z range.  
  
From the various mass spectra collected, more cadmium containing fragments are observed.  This may be because the cadmium containing species have a higher propensity to fragment or that all species fragment and it is the cadmium species that have the more intense signals.  

We have seen in the previous section how slow ligand exchange occurs between cage complexes as each ligand is held in place by two binding units.  The mechanism for this metal cation exchange is unknown but may involve the simultaneous release of a metal ion from two different cage complexes, immediately followed by exchange of these two cations into each other’s parent structure.    
X-ray quality crystals from a mixed-metal cage solution after equilibration were obtained by slowly diffusing in diethyl ether.  However, it was not possible to crystallographically determine the identity of the metal atoms in the structural solution (Figure 3.13) despite the large difference between the ionic radii of the two cations.  The crystals were pale pink in colour so the cage complex contained at least one cobalt(II) ion [as the pure cadmium(II) complex is colourless] and cadmium-containing species were detected on the electrospray mass spectrum of a redissolved single crystal.  It was determined from the refinement that the various mixed-metal species co-crystallise as the metal(II) cations are each disordered over the four sites of the tetrahedral cage.  The R factor and atomic displacement parameters were optimised with the approximate cage composition set as Co3Cd.  Each metal site has a different compostion and is shown in Table 3.1.  The M–N bond distances lie in the range 2.12 – 2.28 Å which is approximately midway between the previously reported bond distances of the homometallic cages (2.08 – 2.19 Å for the Co4 cage and 2.27 – 2.41 Å for the Cd4 cage).  This is consistent with the crystallographic solution as the M–N bond range for the Co3Cd cage lies closer to that of the Co4 cage than the Cd4 cage bond range.

Table 3.1 Metal composition at each metal site in the crystal structure of [M4(Lbip)6⊃(BF4)](BF4)7.































3.5 Self-assembly of [Co4(Lbip)6⊃(BF4)](BF4)7 in solution followed by spectroscopic titrations
In the previous two sections we have looked at the stability of tetranuclear cage complexes in solution over the course of days and weeks, but we have not yet fully investigated the assembly process which brings the separate components together.  The assembly of these tetrahedral cages involves the self-organisation of 10 units, primarily using 24 metal-nitrogen bonds.  This must be a complex process, but when 1H NMR spectroscopy was employed in an attempt to follow the self-assembly, the tetrahedral cage formation reaches completion so quickly that it is difficult to properly ascertain an end-point with this method.
















Table 3.2 Optimal thermochemical model for spectroscopic data of the titration of cobalt(II) with Lbip.  Reproduced from reference 100.
Reaction	ΔG° (283 K)m = 4, n = 4	ΔG° (295 K)m = 4, n = 2	ΔG° (308 K)m = 4, n = 2	ΔH°m = 3, n = 3	ΔS°m = 3, n = 3
Co2+ + ½L   ½[Co2L]4+  	-145(5)	-154(1)	-154(3) 	-17.0(2)	456(8)
½[Co2L]4+  + ½L   1/m[ComLm]2m+ 	-92.7(2)	-148(1)	-155(2)	640(30)	2620(90)
1/m[Com Lm]2m+ + ½L  ½[Co4L6]8+   	-87.1(2)	-136(2)	-147(2)	630(20)	2560(70)
¼[Co4L6]8+   + ½L   1/n[ConL2n]2n+      	-84.8(1)	-49.8(1)	-60.0(5)	-344(20)	-942(80)
1/n[ConL2n]2n+  + ½L    ½[Co2L5]4+ 	-45.4(1)	-49.6(1)	-64.5(6)	92.0(2)	483(8)
½[Co2L5]4+ + ½L    [CoL3]2+  	-43.0(1)	-31.3(2)	-6.20(5)	-428(8)	-1360(30)
All values given in kJ/mol. L corresponds to Lbip. 

In the last three steps when excess ligand is present, there is no net increase in cobalt–Lbip linkages, as additional ligand eliminates the need for two cobalt(II) cations to be coordinated to one ligand.  The final step is the formation of species where individual cations are each coordinated to three separate ligands.  In contrast to the first three, these steps appear to be more enthalpy driven as charge is allowed to separate without overall loss of metal- ligand interactions. 













This chapter has covered an investigation into the stability of inorganic tetrahedral cages using electrospray mass spectrometry and an investigation in the self-assembly process using the modelling of spectroscopic titrations.

A mixture of two tetrahedral cages composed of kinetically labile cobalt(II) ions exchange ligands at a very slow rate until equilibrium is reached after 64 days in solution at room temperature.  This experiment highlights the stability of the cage structure through weak yet co-operative coordinative bonds.

The mixture of pure Co4 and Cd4 isostructural cages also shows a remarkable degree of kinetic inertness for the fully-formed cages.  The scrambling of metal cations between sites gives a mixture of Co4, Co3Cd, Co2Cd2, CoCd3 and Cd4 cages and takes months in solution at room temperature to reach completion.













A literature procedure by Fleming et al48 was followed to yield a white powder.

Synthesis of L2,3-nap





Synthesis of Lo-ph and L2,3-nap complexes
The complexes [Co4(L)6⊃(BF4)](BF4)7 (where L = Lo-phen or L2,3-nap) were prepared solvothermally; the method here given for [Co4(Lo-phen)6](BF4)8 is typical.  A Teflon-lined autoclave was charged with Co(BF4)2.(H2O)6 (0.029 g, 0.09 mmol), Lo-phen (0.05 g, 0.13 mmol) and methanol (9 cm3).  Heating to 100 °C for 12 h followed by slow cooling to room temperature yielded an orange powder.  This was separated and consecutively washed with methanol and then chloroform before being dried in vacuo.  All samples for elemental analysis were dried thoroughly but proved to be hygroscopic, gaining weight when exposed to air; consequently all C, H, N analytical data are consistent with the presence of several water molecules per complex molecule.

Data for [Co4(Lo-ph)6⊃(BF4)](BF4)7.  Orange solid.  Yield: 95 %. ESMS: m/z 1555.6, {[Co4(Lo-ph)6](BF4)6}2+; 1008.2, {[Co4(Lo-ph)6](BF4)5}3+; 734.4, {[Co4(Lo-ph)6](BF4)4}4+; 570.2, {[Co4(Lo-ph)6](BF4)3}5+. Elemental analysis calculated for [Co4(Lo-ph)6](BF4)8•4H2O: C, 51.5; H, 3.7; N, 15.0 %; found: C, 51.6; H, 3.9; N, 14.8 %.  

Data for [Co4(L2,3-nap)6⊃(BF4)](BF4)7.  Orange solid.  Yield: 93 %. ESMS: m/z 3498.4, 
{[Co4(L2,3-nap)6](BF4)7}+; 1160, {[Co4(L2,3-nap)6](BF4)6}2+; 1705.8, 
{[Co4(L2,3-nap)6](BF4)5}3+; 1108.3, {[Co4(L2,3-nap)6](BF4)4}4+; 809.5.  Elemental analysis calculated for [Co4(L2,3-nap)6](BF4)8•10H2O: C, 53.6; H, 4.1; N, 13.4 %; found: C, 53.8; H, 4.3; N, 13.4 %.  


Synthesis of Lbip complexes
See previous chapter.

















ρ / g cm-3	1.122	1.309
μ / mm-1	0.442	0.428
Data, restraints, parameters	29787, 0, 2029	26637, 383, 1939
Rint for independent data	0.1475	0.0803
Final R1, wR2a	0.1259, 0.3733	0.1155, 0.3381

a The value of R is based on ‘observed’ data with I > 2σ(I); the value of wR2 is based on F2 values of all data.

Data for [Co4((Lo-ph)n(L2,3-nap)6-n)6](BF4)8 and [Co3Cd(Lbip)6](BF4)8 was collected at the University of Sheffield on a Bruker APEX 2 diffractometer using graphite monochromated Mo-Kα X-radiation from a conventional sealed-tube source.  After integration of the raw data, and before merging, an empirical absorption correction was applied (SADABS)108 based on comparison of multiple symmetry-equivalent measurements. The structures were solved by direct methods and refined by full-matrix least squares on weighted F2 values for all reflections using the SHELX suite of programs.109





4 Complexes assembled using new bis-bidentate ligands

4.1 Summary
This chapter follows an investigation into the influences that affect the self-assembly of different inorganic supramolecular cage complexes.  The new ligands that have been developed, like many from the Ward group, have a degree of flexibility which makes it nearly impossible to predict the structure of the cage complexes that they form in the presence of certain metal(II) ions.  However, the advantage of this flexibility is that surprisingly elaborate supramolecular structures can form from the relatively simple components which can adjust their conformation to adapt to the conformational requirements of the assembly. 

A new ligand, L2,6-nap, possessing two pyrazolyl-pyridine binding units separated by a 2,6-dimethylnaphthalene spacer unit, is among the longest to be synthesised by the group.  Yet despite the length and flexibility of the ligand, it forms a cage based on the smallest platonic solid, the tetrahedron.  






The construction of a particular supramolecular assembly requires geometric information which is contained within the components.123,124  The self-assembly process can then follow the instructions contained within each of the components to lead to the formation of precise molecular interactions.125,33  Good examples of this, such as those by Fujita126 and Stang,127 involve the use of square-planar metal (II) ions whose bonding directionality can be controlled by capping certain binding sites to give subunits capable of creating 90° and 180° vertex angles.  When combined with rigid bridging ligands, the directional bonding between the subunits leads to predictable assembles.

The use of flexible ligands in combination with metal ions possessing well defined coordination geometries means that other factors affect the self-assembly process.  Steric interactions between ligands can influence the formation of a product and it is also especially important in these cases that the metal ions chosen are labile, allowing self-correction to take place and a thermodynamic minimum to be reached.


































The cause of the discrepancy between the two structures can be attributed to information contained within both the ligand and the metal ion used.  Inter-ligand steric interactions created by the inwardly facing protons on the central ring (highlighted in Figure 4.1) dictate which metal ion leads to the formation of which structure.  The cadmium(II) ion has a larger enough ionic radius to ensure that the ligands are positioned far enough apart in the double helicate to avoid an inter-ligand steric clash.  The ionic radius of zinc(II) is much smaller than that of cadmium(II) (0.75 vs. 0.95 Å respectively) and as a result, the phenyl units of each ligand need to be positioned further apart to prevent the proton-proton steric clash, hence a pentanuclear cyclic helicate is formed.  In this case the 1:1 metal/ligand ratio is retained and the smallest possible structure is assembled to coordinatively saturate each component.128




































The difference in the structures of these complexes can be attributed to the various ionic radii of the octahedral metal (II) cations.  Stereoelectronic preferences also influence the assembly of the copper(II) complex as the Jahn-Teller effect causes significantly distorted tris-chelate coordination geometries.130  The locations of the binding arms on the ligand are at the 1- and 4-positions and this is as far apart as they can be on the phenyl spacer.  This means that the ligand can adopt a variety of conformations afforded by the flexibility of each of the methylene spacers which have free rotation about two adjacent C–C and C–N bonds.  This conformational flexibility is why so many different complexes can be achieved with this one ligand.
4.3 Cages assembled using a bis-bidentate ligand with a 2,6-naphthyl spacer



















Table 4.1 Comparison of cobalt(II) cage complexes of three isomeric ligands.
Ligand			
Complex	M12L18Truncated tetrahedron	M8L12Cube	M4L6Tetrahedron
Co•••CoSeparations	9.22 – 9.36 Å	10.86 –11.58 Å	11.79 –12.23 Å


4.3.1 [Co4(L2,6-nap)6](BF4)8 Tetrahedral cage



























The Co•••Co distances along the edges of the cage are 12.225 and 11.792 Å whilst the Co–N bond distances lie in the range 2.077 – 2.159 Å.  The four tris-chelated metal centres are homochiral, each having a meridional arrangement of N-donor ligands.  The structure is supported by aromatic π-stacking (shown in the next section in Figure 4.8) between electron rich naphthyl units and the relatively electron deficient pyrazolyl-pyridine units.  





4.3.2 [Ni4(L2,6-nap)6](BF4)8 Tetrahedral cage
Combination of the L2,6-nap ligand with Ni(BF4)2 also results in the formation of a M4L6 tetrahedral cage, isostructural to the that of the above mentioned cobalt(II) cage.  In this case however, x-ray quality crystals were afforded upon cooling, following the high temperature and high pressure solvothermal conditions.  This complex also crystallises in the non-centrosymmetric space group I-4 with only one metal atom, one and a half ligands and two tetrafluoroborate molecules (although only one quarter was found)  being crystallographically independent.  Again, the weakly diffracting nature of the crystals and the high disorder of solvent molecules and counterions prevented all of BF4- molecules from being located.  Nevertheless, the structure and shape of the cationic complex cage is clear.

The slightly smaller ionic radius of the octahedral nickel(II) cations (83 pm compared to the 88.5 pm ionic radius of high spin Co(II)) results in marginally smaller Ni–N bond lengths in the range 1.992 – 2.128 Å.  Despite this the Ni•••Ni separations lie in the range 11.874 – 12.214 Å, similar to that of the cobalt analogue.
































4.4 Cages assembled using ligands with two chelating pyrazolyl-pyrazine units






















It was originally hoped that the incorporation of bis-pyrazolyl-pyrazine ligands into cage structures would make them water soluble.  If the additional nitrogen atoms do not coordinate they will face the opposite direction to the chelate, towards the exterior of the cage and be available to form favourable hydrogen-bonding interactions with water molecules.  This effect was not achieved but some interesting results were collected as a range of complexes are able to form when different metal ions are combined with the L1,8-pza ligand.











4.4.1 [Cu(L1,8-pza)(H2O)](BF4)2  Mononuclear complex 
When ligand L1,8-pza is combined with copper(II) tetrafluoroborate under solvothermal conditions a simple mononuclear complex is formed in which both pyrazolyl-pyrazine arms bind to the same metal in a chelating manner.  However, analysis on the amorphous product using electrospray mass spectrometry reveals that M1L2 and M2L2 species are present along with the dominant M1L1 complex in solution.




























The distortion is due to the compromise that is needed to be struck between metal ion geometric preference and ligand conformation.  Square pyramidal and trigonal bipyramidal geometries both require some Cu–L bonds to be separated by 90°.  The distorted geometry in this structure is partly due to the distance between the two nitrogen atoms in each chelating unit which produce two small CuN2 bite angles, 78.85° (N111–Cu1–N121) and 80.83° (N131–Cu1–N141).  Overall, the pyrazolyl-pyrazine units are at the sterically favourable 45° angle from each other but to achieve this angle the rings are each slightly distorted, resulting in the two Cu–NN planes actually sitting 54.18° to each other.  The naphthyl spacer is also twisted to accommodate the Cu(II) ion, causing the methylene units to lie 0.20 Å above and below the mean plane of the aromatic ring system.  The Cu–N bond distances are unremarkable and lie within the range 1.952 – 2.171 Å and the Cu–O bond distance is 2.099 Å (see Table 4.2 below).










































The copper(II) complex formed with the related ligand L1,8-nap is a M12L18 truncated-tetrahedron so it is very surprising to see how the presence of a nitrogen atom in place of a carbon can have such a drastic effect on the topology of the structure.  It is very likely that the extra nitrogen atom is disrupting cage formation as the complex cation is able to interact with other metal ions as well as solvent molecules.  The presence of the m/z peaks in the mass spectrum that correspond to M1L2 and M2L2 species suggests that the system is in dynamic equilibrium between these complexes and the M1L1 mononuclear chelate.  The latter may be the most abundant in solution as it has the most intense m/z peak and is the one to crystallise, with no evidence of the others in the mass spectrum of the crystals.  The electron deficient pyrazine rings that are present on the ligand may explain why a relatively small complex is formed, as aromatic π-interactions between neighbouring complex cations may be strong enough and numerous to provide sufficient structurally stability without the need for cage formation.  Together with the formation of numerous hydrogen bonds, this network of molecules held by co-operative weak interactions may represent a thermodynamic minimum.  
4.4.2 [Cd2(L1,8-pza)3⊃(H2O)](BF4)2(SiF6) capsule















































Despite the geometric compromises, the ligands are still strained as the methylene carbon atoms are 0.20 and 0.10 Å above and below the mean plane of the aromatic ring system.  Additionally, the methylene-naphthyl bonds on the spacers are strained away from one another, resulting in the methylene carbon atoms lying out of the plane of the naphthyl spacers by 8.0 and 12.0°.

The Cd–O bond distance is 2.180 Å, shorter than the 2.327 – 2.374 Å range of most of crystallographically independent Cd–N bonds.  There is one abnormal Cd–N bond that lies outside of this range at 2.603 Å, another example of the compromises needed to achieve this structure (the Cd–N bond range is 2.27 – 2.39 Å for the truncated-tetrahedron).  A list of the bond distances is shown in Table 4.3.  The Cd•••Cd separation is 6.83 Å, much shorter than the Cd•••Cd separations of 9.05 – 9.51 Å observed in the truncated-tetrahedron.  In the latter structure the ligands are “stretched out” with the pyrazolyl-pyridine units on each ligand as far apart from each other as than can be.  Yet with the Cd2 complex, each L1,8-pza ligand adopts a conformation where the pyrazolyl-pyrazine units are approximately 90° to one another, a necessity when three relatively rigid ligands are shared by only two metal ions.  








The structure contains three sets of aromatic π-stacking interactions, occurring between an electron deficient pyrazolyl-pyrazine unit and an electron rich naphthyl unit.  These interactions all take place around the octahedral cadmium ion.

Analysis of the compound in the amorphous state using electrospray mass spectrometry only showed m/z peaks corresponding to M1L2 and M2L2 species.  Whereas mass spectrometric analysis on crystals of the compound only provides evidence for M1L2 and M1L3 species, there is no sign of the M2L3 species in solution, suggesting that it is a kinetic product, only forming as it crystallises.  

If a M1L3 species forms in a solution consisting of a 2:3 ratio of metal ion and ligand, there will be an excess of free metal ions.  As the complex crystallises it is able to weakly accommodate an additional metal ion with its three spare bidentate binding sites.  Due to the conformational restraints of the ligands, they cannot arrange themselves in an octahedral manner around the metal ion.  A pyrazolyl nitrogen (N131) only forms a weak Cd–N bond of 2.603 Å to the cadmium ion, so a water molecule is recruited to fill the cadmium(II) ion’s coordination sphere.  The oxygen is positioned within the small cavity of the complex, 3.102 Å away from C(146) and 3.169 Å away from C(126).  Both are methylene carbons and this suggests that weak CH•••O hydrogen-bonding may be present between the oxygen atom of the water ligand and the methylene protons.  No other methods were successful in confirming the identity of this additional ligand as water.  As there are two tetrafluoroborate counterions and one 2- hexafluorosilicate counterion, the charge of the complex cation is 4+.  This indicates that both cadmium ions are 2+ and that fluoride is not co-ordinated to a cadmium ion as the overall charge of the complex cation would be 3+.  The ligand cannot be acetonitrile either due to lack of electron density observed during the refinement of the crystal structure and lack of space within the small area of the capsule.  Hexafluorosilicate is most likely formed upon the reaction of free fluoride ions from tetrafluoroborate with the glass of a sample vial.  It is not believed that the presence of hexafluorosilicate alters the structure as it is only there to balance the charge of the complex cation.  The formation of this complex was not an isolated occurrence as another data set was collected from another batch of crystals to give the same result. 

4.4.3 [Co4(L1,8-pza)6⊃(SiF6)](BF4)6 tetrahedral cage
















The complex crystallises in the centrosymmetric space group R–3c and the asymmetric unit contains one half of the complex molecule.  Extensive disorder of solvent molecules and counterions prevented all of the BF4- molecules from being located, but the structure of the cationic complex cage is clear.  Hexafluorosilicate counterions are present and all are contained within the internal cavities of the cage structures in the crystal structure.  It is unknown whether the presence of hexafluorosilicate ions influences the formation of the cage structure but they appear to be a good fit for the internal cage cavity, residing almost perfectly in the centre of the structure.  Each fluorine of the hexafluorosilicate interacts with at least two CH2 units of the cage, with the C•••F separations in the 3.12 – 3.96 Å range, suggesting the presence of weak C–H•••F hydrogen-bonding interactions.  The Co–N bond lengths are unremarkable, lying in the range 2.095 – 2.175 Å.  



























This structure appears to be stable in solution as electrospray mass spectrometry signals for the intact M4L6 tetrahedron are observed with varying numbers of anions.  However, the only series of m/z signals to be detected in solution are the ones that correspond to the complex containing one hexafluorosilicate anion, most likely present in the centre of the cage as observed in the crystal structure.  No evidence of any other anion mixtures or the complex [Co4(L1,8-pza)6](BF4)8 have been observed.  

The naphthyl and pyrazolyl-pyrazine unit are all involved in aromatic π-stacking interactions with each other in an alternate fashion.  This is descibed in the next section in Figure 4.16 which shows the analogous structure [Ni4(L1,8-pza)6⊃(SiF6)](BF4)6.

The formation of this structure is very surprising and the reasons have already been discussed in this chapter; the replacement of an sp2 carbon atom for a nitrogen atom in the pyrazine ring disrupts cage formation.  As well as being electronically different from an aromatic carbon atom, the second nitrogen in the pyrazine ring of the ligand remains exposed to the surrounding environment when the ligand is chelated to a metal ion.  It is therefore available to interact with other species in solution such as solvent molecules and metal ions.  
4.4.4 [Ni4(L1,8-pza)6⊃(SiF6)](BF4)6 tetrahedral cage
Combination of the ligand L1,8-pza with Ni(BF4)2 results in the formation of a M4L6 tetrahedral cage, isostructural to the above mentioned cobalt(II) cage.  This complex also crystallises in the non-centrosymmetric space group R–3c with one half of the complex molecule in the asymmetric unit.  Again, the weakly diffracting nature of the crystals and the high disorder of solvent molecules and counterions prevented all of BF4- molecules from being located.  Nevertheless, the structure and shape of the cationic complex cage is clear.  




















The slightly smaller ionic radius of the octahedral nickel(II) cations [83 pm compared to the 88.5 pm ionic radius of high spin Co(II)] results in marginally smaller Ni–N bond lengths in the range 2.056 – 2.123 Å.  Despite this the Ni•••Ni separations lie in the range 9.41 – 9.60 Å, resulting in a slightly larger cage than for the cobalt analogue.  Electrospray mass spectrometry of the compound produces the same outcome as the analogous cobalt(II) complex as m/z peaks at 1101.7 and 804.6 are observed for the general species {Ni4(L1,8-pza)6⊃(SiF6)(BF4)6-n}n+, corresponding to the loss of tetrafluoroborate anions (where n = 3 and 4 respectively).

Hexafluorosilicate counterions are also present in this structure and also all reside in the internal cavities of the cage structures.  It is therefore likely that they are required as a template for the self-assembly of this structure to occur as they are not present on the external surface of any of these cages or the cobalt(II) analogue in the crystal structures.  It is possible that the small amount of hexafluorosilicate produced is all used to act a template for cage formation but further studies would be needed to confirm this theory.  Hexafluorosilicate is most likely formed upon the reaction of fluoride ions from tetrafluoroborate with sample vial glass. 
4.4.5 Comparison of L1,8-pza structures
So far we have seen that the ligand L1,8-pza forms three different types of structure depending the choice of metal (II) ion.  In the case of the copper(II) mononuclear complex, formation of this is enabled by the ability of copper(II) to form 5-coordinate complexes,133,134 the fifth coordination site in this case being filled by a water molecule.  The complex [Cd2(L1,8-pza)3H2O]4+ contains a pseudo 7-coordinate cadmium(II) ion, also possessing a water ligand, and whilst the ability to form 7-coordinate species is not a common characteristic of cadmium(II), its large ionic radius allows it to accommodate up to eight ligands.135  Nickel(II) and cobalt(II) ions are not as flexible in their coordination number,136 rarely being able to form anything other 6-coordinate complexes, and as a result both form a tetrahedral cage.  It is very likely that this is the most stable product in which both components (the ligand and metal ion) can be co-ordinatively saturated.   Nickel(II) is able to form square planar complexes137 but in this case it may not be possible.  A mononuclear complex with the ligand behaving as a tetra-dentate chelate as opposed to a bis-bidentate bridging ligand is not formed, most likely due to the size of the nickel(II) ion and its poor fit into the binding site.  As with the other complexes, it is highly likely that a mixture of species exists in dynamic equilibrium, neither one being stable enough to form in abundance.  At the time of writing a clear 1H NMR spectrum has not been recorded for any of the complexes.  Redissolving crystals may be the most successful approach to obtaining a useful 1H NMR spectrum but enough crystals have yet to be grown to be able to make up a solution of high enough concentration.
4.4.6 [Co4(Lb-pza)6⊃(BF4)](BF4)7 tetrahedral cage

















Product formation is optimal under solvothermal conditions in methanol and x-ray quality crystals are easily grown when ethyl acetate or ether is slowly diffused into an acetontrile solution of the compound.  The complex crystallises in the centrosymmetric space group P2(1)/c with a complete cage contained within the asymmetric unit.

The topology of the cage is rather irregular with the Co•••Co separations in the range of 11.00 – 12.36 Å, but not as irregular as the Lbip cage which has a Co•••Co separation range of 10.82 – 12.70 Å.  The Co–N bond lengths lie in the range 2.123 – 2.225 Å, slightly longer than the 2.080 – 2.190 Å range reported for the Lbip cage.  The coordination geometry of both cages is identical as they both possess one facial and three meridional arrangements of N-donor units around the metal ions.  One of the anions is located within the central cavity of the complex cation, although slightly off-centre, as the boron atom of the central BF4- is 5.52 Å from the facial cobalt(II) ion and 7.63 – 7.85 Å from the other cobalt(II) ions.

Electrospray mass spectrometry of the compound in its amorphous state shows that it is stable in solution as a series of m/z peaks at 1789.9, 1164.3 and 851.5 are observed for the general species {Co4(Lb-pza)6(BF4)8-n}n+, corresponding to the sequential loss of tetrafluoroborate anions (where n = 2, 3 and 4 respectively).  The use of pyrazine as opposed to pyridine in the binding unit has little effect in destabilising the self-assembly of the tetrahedron.  The structure is supported by aromatic π-stacking (as shown in Figure 4.19) but this unlikely to be the main reason for the cage structures propensity to form.  Vander Griend’s study on the self-assembly of the Lbip cage in Chapter 2 did not incorporate the M2L3 species as a factor.  The tetrahedral cage is therefore the smallest possible structure in which all of the components are co-ordinatively saturated, making it the most stable product.  The difference between this cage and the L1,8-pza tetrahedral cage of the previous section is the length and flexibility of the Lb-pza ligand.  This allows the binding units to be arranged around the metal ions in a coordination geometry as close to the preferred octahedral manner as possible.  The flexibility of the biphenyl spacer, unlike a naphthyl spacer, means that there is less strain associated with cage structure as each ring is able to rotate independently.    


4.4.7 [Cd4(Lb-pza)6⊃(BF4)](BF4)7 tetrahedral cage
When cadmium tetrafluoroborate is combined with the Lb-pza ligand in a 3:2 stoichiometric ratio an M4L6 tetrahedron self-assembles.  Slow diffusion of ether or ethyl acetate into an acetonitrile solution of the compound yields colourless crystals.  The complex crystallises in the centrosymmetric space group P2(1)/n and is isostructural with the cobalt analogue.  It is stable in solution as m/z peaks for the complex can be seen in the electrospray mass spectrum at 1235.6, 905.0 and 574.4 corresponding to the sequential loss of tetrafluoroborate anions from the  general species {Cd4(Lb-pza)6(BF4)8-n}n+ (where n = 3, 4 and 6 respectively).

The Cd–N bond lengths are in the range 2.285 – 2.418 Å, longer than the bond lengths of the cobalt cage and typical of cadmium(II).  This longer bond length may be responsible for the topology of the tetrahedron being slightly more regular than the cobalt analogue as the Cd•••Cd separations lie in the range 11.28 – 12.12 Å.  Compared to the tetrahedral cage consisting of cadmium(II) ions and the Lbip ligand, which has Cd•••Cd separations in the range 11.69 – 12.24 Å, this structure is slightly more regular.

























4.4.8 [Cu4(Lb-pza)6⊃(BF4)](BF4)7 tetrahedral cage
When copper tetrafluoroborate is combined with the Lb-pza ligand in the stoichiometric ratio of 3:2 it readily self assembles to form a M4L6 tetrahedron.  Slow diffusion of ether or ethyl acetate into an acetonitrile solution of the compound yields green crystals.  The complex crystallises in a cubic crystal system, the space group is I-43d and the cage is isostructural with the cobalt(II) and cadmium(II) analogues.  The asymmetric unit of the crystal structure contains two and one third copper ions, two ligands and two and two third tetrafluoroborate molecules.  It is also stable in solution as observed using electrospray mass spectrometry as a series of m/z peaks occurring at 1170.5, 856.2 and 667.6 are observed for the general species {Cu4(Lb-pza)6(BF4)8-n}n+, corresponding to the sequential loss of tetrafluoroborate anions (where n = 3, 4 and 5 respectively).  

A cage complex has never been observed when copper(II) is combined with Lbip.  The suspicion was that the Jahn-Teller distortion, inherent with high spin octahedral d9 copper complexes, hinders cage formation by preventing formation of regular tris-chelate metal centres.  Yet in this case with Lb-pza, cage formation is facilitated despite the apparent tetragonal elongation of the coordination sphere.  The Cu–N bond lengths are in the range 1.960 – 2.289 Å, a broader range than those of the cages containing cobalt(II) and cadmium(II) ions.  Whilst one copper(II) ion possesses symmetrically equivalent nitrogen atoms, the other crystallographically independent copper(II) ion has six crystallographically independent nitrogen atoms.  Measurement of these Cu–N bond lengths shows there to be four shorter equatorial bond lengths (range 1.960 – 2.220 Å) and two longer axial bond lengths (2.269 and 2.289 Å), consistent with Jahn-Teller distortions.138  The pseudo-octahedral geometry of the copper centres also appears to be more distorted than the coordination spheres of the previous two analogues.  The structure of the tetrahedron is slightly more regular than the cobalt(II) and cadmium(II) analogues as the Cu•••Cu separations are 11.79 and 11.44 Å and this may be related to the distorted metal centres.  






























1.  Preparation of 2,6-bis(bromomethyl)naphthalene
See Chapter 2 for details of the bromination procedure of 1,8-dimethylnapthalene.  1H NMR (400 MHz, CDCl3): δ 7.85 (2H, s; naphthyl H1/5), δ 7.84 (2H, d; naphthyl H2/7), 5.56 (2H, dd; naphthyl H4/8), 4.68 (4H, s; CH2).

2.  Preparation of L2,6-nap
A literature procedure by Tidmarsh was followed and modified.103  To a solution of 2,6-bis(bromomethyl)-naphthalene (1.50 g, 4.93 mmol) and 3-(2-pyridyl)pyrazole (1.44 g, 9.80 mmol) in THF (160 cm3) was added aqueous NaOH (2.5 M; 40 cm3). The resulting mixture was heated to reflux for 24 h and then allowed to cool to room temperature. On cooling, a white solid precipitated that was collected by filtration and washed with cold diethyl ether to yield analytically pure L2,6 (1.08 g, 51 %).1H NMR (250 MHz, CDCl3): δ 8.66 (2H, ddd; pyridyl H6), 7.97 (2H, dt; pyridyl H5), 7.80 (2H, d; pyridyl H3), 7.75 (2H, dd; naphthyl H3/7), 7.45 (2H, d; naphthyl H3/7), 7.40 (2H, d; pyrazolyl H5), 7.22 (2H, tdd; pyridyl H4), 7.28 (2H, s; naphthyl H1/5), 6.94 (2H, d; pyrazolyl H4), 5.49 (4H, s; CH2).  ESMS: m/z 442 (M+).  Elemental analysis calculated for C28H22N6•H2O: C, 73.0; H, 5.3; N, 18.2 %; found: C, 73.0; H, 5.3; N,18.2 %. 

Synthesis of L2,6-nap complexes
The solvothermal method, outlined in Chapter 2 was followed to yield either crystals or a powder.

Data for [Co4(L2,6-nap)6](BF4)8.  Orange solid. Yield: 72 %. ESMS: m/z: 1108.3, {[Co4(L2,6-nap)6](BF4)5}3+; 809.5, {[Co4(L2,6-nap)6](BF4)4}4+; 630.2, {[Co4(L2,6-nap)6](BF4)3}5+.  Elemental analysis calculated for [Co4(L2,6-nap)6](BF4)8•2H2O: C, 55.7; H, 3.7; N, 13.9 %; found: C, 55.5; H, 3.8; N, 14.0 %.  













Synthesis of 3-(Dimethylamino)-1-(pyrazin-2-yl)prop-2-en-1-one (A)
A literature procedure by Uber was followed and modified.139  A round-bottomed flask was charged with 2.0 g (16.37 mmol) of 2-acetylpyridine and 10 cm3 (8.9 g, 74.69 mmol) of N,N-dimethylformamide dimethyl acetal.  The reaction mixture was refluxed overnight to produce a dark brown solution which was then evaporated to dryness.  Column chromatography on silica using 5 % MeOH in DCM was carried out to give an off-white solid (A) (2.0 g, 69 %). 1H NMR (400 MHz, CDCl3): 9.35 (1H, d; pyrazyl H3), 8.67 (1H, dd; pyrazyl H6), 8.58 (1H, d; pyrazyl H5), 7.97 (1H, d; vinyl H1), 6.37 (1H, d; vinyl H2), 3.23 (3H, s; NMe1), 3.03 (3H, s; NMe2).

Synthesis of 2-(1H-Pyrazol-3-yl)pyrazine (PzPza) 
A literature procedure by Uber was followed and modified.139  6 cm3 (82.33 mmol) Of hydrazine monohydrate was added to a 2.0 g (11.29 mmol) solution of (A) in 10 cm3 of ethanol. The reaction mixture was heated to 60 °C and stirred for 30 minutes.  The ethanol was then removed in vacuo and column chromatography on silica using 5 % MeOH in DCM was carried out to give an off-white solid PzPza (1.2 g, 73 %). 1H NMR (400 MHz, CDCl3): 11.42 (1H, s; NH), 9.16 (1H, d; pyrazyl H6), 8.61 (1H, dd; pyrazyl H3), 8.53 (1H, d; pyrazyl H5), 7.74 (1H, d; pyrazolyl H5), 6.96 (1H, d; pyrazolyl H4).
 
Synthesis of L1,8-pza
A literature procedure by Bell was followed and modified (see Chapter 2), using pyrazolyl-pyrazine in place of pyrazolyl-pyridine to give an off-white solid.  1H NMR (400 MHz, CDCl3): 9.25 (2H, d; pyrazinyl H3), 8.56 (2H, d; pyrazinyl H5), 8.48 (2H, d; pyrazinyl H6), 7.97 (2H, dd; naphthyl H2/H7 or H4/H5), 7.51 (2H, t; naphthyl H3/H6), 7.33 (2H, dd; naphthyl H4/H5 or H2/H7), 7.22 (2H, d; pyrazolyl H5), 6.91 (2H, d; pyrazolyl H4), 5.98 pm (4H, s; CH2).  ESMS: m/z 445.5, (M+H)+.  Elemental analysis calculated for C26H20N8: C 70.3, H 4.5, N 25.2 %; found: C 70.5, H 5.0, N 25.2 %.

Synthesis of Lb-pza
A literature procedure by Paul was followed and modified (see Chapter 2), using pyrazolyl-pyrazine in place of pyrazolyl-pyridine to give an off-white solid.  1H NMR (400 MHz, CDCl3): δ 9.23 (2H, d; pyrazinyl H3), 8.58 (2H, dd; pyrazinyl H5), 8.49 (2H, d; pyrazinyl H6), 7.75 (2H, dd; biphenyl H6), 7.45 (2H, t; biphenyl H5), 7.40 (2H, d; pyrazolyl H5), 7.28 (2H, s; biphenyl H4), 6.95 (2H, d; biphenyl H2), 6.94  (2H, d; pyrazolyl H4), 5.48 (4H, s; CH2).  ESMS: m/z 471.5, (M+H)+.  Elemental analysis calculated for C28H22N8: C, 71.5; H, 4.7; N, 23.8 %; found: C, 71.7; H, 4.9; N, 23.7 %.  

Synthesis of L1,8-pza and Lb-pza complexes

The complexes were prepared solvothermally; the method here given for [Co4(L1,8-pza)6⊃(SiF6)](BF4)6 is typical.  A Teflon-lined autoclave was charged with Co(BF4)2. (H2O)6 (0.026 g, 0.07 mmol), L1,8-pza (0.05 g, 0.11 mmol) and methanol (9 cm3).  Heating to 100 °C for 12 h followed by slow cooling to room temperature yielded a white powder.  This was separated and consecutively washed with methanol and then chloroform before being dried in vacuo.  All samples for elemental analysis were dried thoroughly but proved to be hygroscopic, gaining weight when exposed to air; consequently all C, H, N analytical data are consistent with the presence of several water molecules per complex molecule.

Data for [Cu(L1,8-pza)(H2O)](BF4)2.  Green solid.  Yield: 89 %. ESMS: m/z 594.9, {[Cu(L1,8-pza)](BF4)}+; 294.0, {[Cu(L1,8-pza)]}2+.  Elemental analysis calculated for [Cu(L1,8-pza)(H2O)](BF4)2•3H2O: C, 41.4; H, 3.7; N, 14.9 %; found: C, 42.9; H, 4.1; N, 15.0 %.  

Data for [Cd2(L1,8-pza)3⊃(H2O)](BF4)2(SiF6).  Colourless solid.  Yield: 87 %.  ESMS: m/z 1088.2, {[Cd(L1,8-pza)2](BF4)}+; 500.7, {[Cd(L1,8-pza)2]}2+.  Colourless crystals.  ESMS: m/z 723.0, {[Cd(L1,8-pza)3]}2+.  Elemental analysis calculated for [Cd2(L1,8-pza)3(H2O)](BF4)2(SiF6)•4H2O: C, 47.7; H, 3.6; N, 17.1 %; found: C, 48.5; H, 5.0; N, 17.0 %.  

Data for [Co4(L1,8-pza)6⊃(SiF6)](BF4)6.  Orange solid.  Yield: 90 %.  ESMS: m/z 1695.5, {[Co4(L1,8-pza)6(BF4)4(SiF6)]}2+; 1101.4, {[Co4(L1,8-pza)6](BF4)3(SiF6)}3+; 804.4, {[Co4(L1,8-pza)6](BF4)2(SiF6)}4+; 626.1, {[Co4(L1,8-pza)6](BF4)(SiF6)}5+.  Elemental analysis calculated for [Co4(L1,8-pza)6](BF4)6(SiF6)•9H2O: C, 50.3; H, 3.7; N, 18.0 %; found: C, 51.0; H, 4.0; N, 17.9 %.  

Data for [Ni4(L1,8-pza)6⊃(SiF6)](BF4)6.  Blue solid.  Yield: 88 %.  ESMS: m/z 1101.7, {[Ni4(L1,8-pza)6](BF4)3(SiF6)}3+, 804.6, {[Ni4(L1,8-pza)6](BF4)2(SiF6)}4+.  Elemental analysis calculated for [Ni4(L1,8-pza)6(BF4)6(SiF6)•16H2O: C, 48.6; H, 4.0; N, 17.5 %; found: C, 48.5; H, 4.1; N, 17.5 %.  

Data for [Co4(Lb-pza)6⊃(BF4)](BF4)7.  Orange solid.  Yield: 96 %. ESMS: m/z 1789.9, 
{[Co4(Lb-pza)6](BF4)6}2+; 1164.3, {[Co4(Lb-pza)6](BF4)5}3+; 851.5, 
{[Co4(Lb-pza)6](BF4)4}4+.  Elemental analysis calculated for [Co4(Lb-pza)6](BF4)8•21H2O: C, 48.8; H, 4.2; N, 16.3 %; found: C, 48.8; H, 4.4; N, 16.2 %.  

Data for [Cd4(Lb-pza)6⊃(BF4)](BF4)7.  White solid.  Yield: 93 %. ESMS: m/z 1235.6, {[Cd4(Lb-pza)6](BF4)5}3+; 905.0, {[Cd4(Lb-pza)6](BF4)4}4+; 574.4, {[Cd4(Lb-pza)6](BF4)2}6+.  Elemental analysis calculated for [Cd4(Lb-pza)6](BF4)8•7H2O: C, 49.3; H, 3.6; N, 16.4 %; found: C, 50.0; H, 3.7; N, 16.2 %.  























ρ / g cm-3	1.156	1.165	1.602
μ / mm-1	0.395	0.444	0.802
Data, restraints, parameters	12052, 749, 440	6655, 354, 363	3995,0 , 443
Rint for independent data	0.0730	0.0571	0.0597


















































ρ / g cm-3	1.392	1.378	1.363
μ / mm-1	0.570	0.448	0.492
Data, restraints, parameters	3942, 9, 275	16677 , 0, 1180	16878, 1, 1163
Rint for independent data	0.0693	0.3539	0.3842















































ρ / g cm-3	1.131	1.185	1.315
μ / mm-1	0.360	0.432	1.280
Data, restraints, parameters	30286, 276, 2289	31249, 307, 1861	11878, 737, 600
Rint for independent data	0.0624	0.1388	0.0574

Final R1, wR2a	0.1069, 0.3352	0.1725, 0.5241	0.1406, 0.4309

aThe value of R is based on ‘observed’ data with I > 2σ(I); the value of wR2 is based on F2 values of all data.


Data for [Co4(L2,6-nap)6](BF4)8, [Ni4(L2,6-nap)6](BF4)8, [Co4(Lb-pza)6](BF4)8 and [Cu4(Lb-pza)6](BF4)8 was collected at the EPSRC National Crystallography Service at the University of Southampton on a Bruker APEX 2 diffractometer using either graphite-monochromated Mo-Kα X-radiation from a rotating anode source, or Cu-Kα X-radiation from a sealed tube source.  Data for the remaining structures was collected at the University of Sheffield on a Bruker APEX 2 diffractometer using graphite monochromated Mo-K X-radiation from a conventional sealed-tube source.  After integration of the raw data, and before merging, an empirical absorption correction was applied (SADABS)108 based on comparison of multiple symmetry-equivalent measurements. The structures were solved by direct methods and refined by full-matrix least squares on weighted F2 values for all reflections using the SHELX suite of programs.109























5 Specific binding of coumarin to a cubic cage

5.1 Summary
The formation of the cubic cage complex [Co8(L1,5-nap)12]16+ is not thought to be dependent on a templating ion as the internal cavity contains no counteranions when tetrafluoroborate or perchlorate are used.  This has been confirmed by the synthesis of the complex containing tetraphenylborate as the only counteranion, which is too large to fit into the cavity.











The efficiency of an enzymatic system is due to its ability to selectively recognise and bind a substrate.141  This can be achieved in many ways such as shape recognition, the host offering a favourable environment or through specific interactions between the host and binding substrate.142  Many synthetic receptors such as clefts, armatures, tweezers and bowls have been able to encapsulate other molecules.143  












































































5.3 [Co8(L1,5-nap)12](BF4)16 Cubic cage













































Solution studies on the cage complex included 1H NMR spectroscopy.  Based on Figure 5.7, two ligand environments are expected as six ligands span the edges between cobalt types A–B/A*–B* and the other six ligands span the edges between cobalt types B–B*.   The protons on the ligand type between the A and B cobalt(II) ions are clearly all inequivalent as each end of the ligand is bound to a different metal ion environment.  This will give 22 signals on the spectrum, each corresponding in intensity to six protons.  The proton environments on the ligands between the B and B* cobalt types are also inequivalent, giving 22 signals, as there is there is an overall sense of helical twist on each ligand.  So overall there are two types of ligand, each with all protons inequivalent, which means that 44 independent signals are expected on the 1H NMR spectrum.  High spin cobalt(II) complexes, despite being paramagnetic, produce clear 1H NMR spectra that can act as a useful analytical tool.49,146  The spectra are highly shifted yet the peaks remain sharp enough to be individually identified.  The distance of each proton from the cobalt(II) ions affects their T1 relaxation time so a variety of intensities and broadening of peaks are observed.  The chemical shifts, shown in Figure 5.8 of the cubic cage are spread out between +118 and -90 ppm, enabling them to be counted (44 are observed) and confirming that the complex retains the S6 symmetry in solution that is observed in the solid state.















5.4 Full spectroscopic assignment of [Co8(L1,5-nap)12](BF4)16 using T1 relaxation times
The Ward group has previously been able to fully assign the 1H NMR spectra of two paramagnetic Co(II) containing cages; one assembled from Lbip and the other from L2,3-nap.100,102  As the other studies were carried out on tetrahedral cages, this spectroscopic assignment of the cubic cage marks the largest achieved by the group so far.

As previously mentioned, the intensity and breadth of each signal on the 1H NMR spectrum is determined by its distance from the eight paramagnetic cobalt(II) ions.  Peak width is inversely proportional to T1 relaxtion time, and there is therefore a relationship between T1 and the H•••Co separation distances.  In fact T1-1 for a given proton is proportional to Σ(rij-6), where rij is the sum of the pairwise distances between a particular proton and each of the eight Co(II) ions.  This relationship provides us with a method for assigning the 1H NMR spectra of complexes containing paramagnetic Co(II) ions.147   This is achieved by correlating T1 values for the separate well-defined peaks with the [Σ(rij-6)]-1 values for H•••Co separations that are obtained from the crystallographic data.

The 1H NMR assignments for the protons of [Co8(L1,5-nap)12](BF4)16 are given in Table 5.1, which lists the [Σ(rij-6)]-1 values for the independent proton environments.  The [Σ(rij-6)]-1 values are normalised such that the relevant value of the smallest [Σ(rij-6)]-1 is scaled to be exactly numerically equal to the smallest T1 value (1.3 ms in this case).  Based on their relationship, the agreement between the measured T1 values and the normalised [Σ(rij-6)]-1 values is excellent and allows for a nearly complete assignment of the 1H NMR spectrum.


Table 5.1 1H NMR assignment for [Co8(L1,5-nap)12](BF4)16 in MeCN.a  
δ/ppm	Measured T1/ms	Normalised  [Σ(rij-6)]-1b	Assignment
69.4	1.3	1.3	mer-Pyridyl H6 or mer-Pyridyl H6

















61.7	26.4	19.4	fac-Pyridyl H3 or mer-Pyrazolyl H4







53.0	33.9	23.5	fac-Pyrazolyl H5 or mer-Naphthyl H4









3.4	56.7	34.7	mer*-Naphthyl H3 or mer*-Naphthyl H4







a The bold entries refer to protons on the mer-fac ligand whilst the entries in standard itallics refer to protons on the mer-mer* ligand where mer and mer* are the inequivalent ends of the ligand.b Calculated from crystallographic data103 on the basis of eight different H•••Co separations of each type of proton in nm and then normalised against the signal at 69.4 ppm such that this value was numerically identical to the observed relaxation time of 1.3 ms.  







































There are a small number of instances where there is some unreliability in the results.  The main one is caused by the failure to record a full set of T1 values, resulting in 43 values as opposed to a set of 44.  Wherever the missing T1 value lies in the order will determine how many assignments are incorrect.  The pyridyl H6 protons are each within the range 3.18 – 3.28 Å to the nearest Co(II) ions and give T1 values in the range 1.3  – 1.6 ms, producing the broadest signals.  Also broad and with short T1 values (1.7  – 2.6 ms) are the methylene (CH2) protons which are directed into the cavity and 3.34 – 3.58 Å from their closest Co(II) centres.  The next protons closest to the Co(II) ions are the four independent naphthyl H2 protons.  Another source of unreliability arises from the ambiguity of certain assignments that have either identical T1 or [Σ(rij-6)]-1 values.  One example is the signal at 69.4 ppm which could be assigned to the pyridyl H6 of either the mer terminus of the mer-mer* ligand or the mer terminus of the mer-fac ligand.

Once again, this mechanism of spectroscopic assignment for a cage containing paramagnetic Co(II) ions proves itself to be a robust method.  The missing T1 value has a smaller chance of effecting the assignments of protons nearest to the Co(II) centres as they will not be effected by the incorrect correlation in the series of protons below them in the order of H•••Co separation.  The eight protons closest to the Co(II) centres are in the top 19 %, meaning that there is an 81 % certainty that their assignment is correct.  Critically, the inwardly pointing CH2 protons have low T1 values and therefore high certainties of assignment.  It may then be possible to determine how an encapsulatuted guest molecule is interacting with the internal cavity surface of the cage by observing the shift of certain cage proton signals. 

5.5 [Co8(L1,5-nap)12](BPh4)16 Cubic cage






































































5.6 Cage cavity volumes
It has been established that the cubic cage prepared from the L1,5-nap ligand does not contain any counterions within its internal cavity.  This makes it an ideal candidate for guest binding as a substrate that is intended for the cage does not need to displace any anions from the cavity.

In collaboration with Chris Hunter and Simon Turega we have also been able to determine the cavity volumes and internal areas of three of the Ward group’s polyhedral cages.  By studying the crystal structures using a combination of protein viewing programmes, Deepview/Swiss-PdbViewer 4.0.1, we were able to determine the values which are displayed in Table 5.2.   

Table 5.2 Comparison of the cavity volumes and internal surface areas of three polyhedral cages where PzPy = pyrazolyl-pyridine.


















5.7 Guest molecule binding to [Co8(L1,5-nap)12](BF4)16
It was hoped that a guest encapsulated within the cavity of the [Co8(L1,5-nap)12](BF4)16 cage, isolated from the bulk solvent, could be detected via 1H NMR studies.  As discussed earlier in Section 5.2, the paramagnetism of the cobalt(II) ions in the cage complex results in results in substantial shifts of the 1H NMR peaks over a very wide range (± 100 ppm).  This produces a very clear 1H NMR spectrum where the uncoupled proton signals are spread over a large chemical shift range.  Therefore any changes in the spectrum due to host-guest binding will be easily identified. 

The solvent chosen for the study was d3-acetonitrile as both the cage complex and the tetrafluoroborate anions are soluble in this medium.  The anions are therefore able to maintain a minimal association with the complex cation, ensuring that they do not hinder substrate binding.  The crystal structure shows that the central cavity of [Co8(L1,5-nap)12](BF4)16 contains methanol molecules from the solvent and this suggests that the guest molecules in this study may need to compete with acetonitrile for cage encapsulation.   





Potential guest	    Volume Å3


















The paramagnetic 1H NMR spectra were recorded for the 24 samples and no CIS were observed for the 0.4 mM guest samples.  However, a slow-exchange process between the cage and potential guest 3, coumarin, was identified during the 50 mM sample screens.  In this sample additional coumarin peaks were present upfield of the free coumarin peaks in the 1H NMR spectrum (Figure 5.15), between 4 and -6 ppm, the expected result for a guest encapsulated within a shielded cavity.  The paramagnetism of the cage host results in a large CIS for the guest protons, up to 5 ppm, making it simple to identify when guest encapsulation has taken place.  

Figure 5.15 Expanded 1H NMR spectra in d3-acetonitrile at 298 K, [Co8(L1,5-nap)12](BF4)16 = 0.2 mM and 3 = 32 mM.  Bound guest signals at 3.38, 0.68, -0.35, -0.52 and -5.71 ppm, all marked with asterisks.  The larger peaks correspond to the protons of the free coumarin.

To verify this result a control experiment was carried out, involving the tetrahedral coordination cage described in Chapter 3.  Having an approximate cavity volume of 59 Å3, it would be unable to encapsulate coumarin.  Apart from its shape, the external surface of [Co4(Lbip)6⊃(BF4)](BF4)7  is very similar to that of [Co8(L1,5-nap)12](BF4)16.   No CIS were observed on the paramagnetic 1H NMR spectrum of a tetrahedral cage/coumarin sample solution (Figure 5.16), suggesting that the coumarin is not binding to the external surface of the smaller cage.  Therefore the observed CIS on the paramagnetic 1H NMR spectrum of a cubic cage/coumarin sample solution are most likely to be due to host-guest binding. 


Figure 5.16 Partial 1H NMR spectra in d3-acetonitrile at 298 K; (a) [Co4(Lbip)6⊃(BF4)](BF4)7 = 0.4 mM; (b) [Co4(Lbip)6⊃(BF4)](BF4)7 = 0.4 mM and 3 = 8.8 mM; (c) [Co4(Lbip)6⊃(BF4)](BF4)7  = 0.4 mM and 3 = 20 mM; (d) [Co4(Lbip)6⊃(BF4)](BF4)7  = 0.4 mM and 3 = 32 mM.

































Through the synthesis and characteristaion of [Co8(L1,5-nap)12](BPh4)16 we have been able to confirm that the central cavity of the cubic cage complex only contains solvent molecules, making it suitable for the binding of neutral guest molecules.
The central cavity volume has been calculated and based on that a range of potential guests were selected for a screening process.  The results of the study revealed that coumarin undergoes a reversible slow-exchange process into the cubic cage’s spherical cavity.  The effect in the 1H NMR spectrum caused by the paramagnetic cobalt(II) ions of the cage complex allows clear identification of changes in the spectra as the uncoupled cage proton signals are spread over a large range.  The encapsulated coumarin proton signals are shifted upfield from the free coumarin signals on the 1H NMR spectrum.  The complete assignment of the cage proton signals on the 1H NMR spectrum may also help in determining the binding mode of guest molecules in the future.







Synthesis of L1,5-nap and [Co8(L1,5-nap)12](BF4)16
The method by Tidmarsh published in the literature was followed.103

Synthesis of [Co8(L1,5-na)12](BPh4)16
To a solution of cobalt (II) acetate hexahydrate (0.019 g, 0.075 mmol) and L1,5-nap (0.050 g, 0.113 mmol) in methanol (20 cm3) was added sodium tetraphenylborate (0.052 g, 0.151 mmol).  The pink precipitate was collected using vacuum filtration and recrystallised by slowing diffusing in ethyl acetate to a nitromethane solution of the compound.  Yield: 55 %.

All spectra in this chapter were recorded on a Bruker 400 Advance NMR spectrometer.

















ρ / g cm-3	1.191
μ / mm-1	0.278
Data, restraints, parameters	13270, 54, 913
Rint for independent data	0.1020









a The value of R is based on ‘observed’ data with I > 2σ(I); the value of wR2 is based on F2 values of all data.


Data for the structure was collected at the University of Sheffield on a Bruker APEX 2 diffractometer using graphite monochromated Mo-Kα X-radiation from a conventional sealed-tube source.  After integration of the raw data, and before merging, an empirical absorption correction was applied (SADABS)108 based on comparison of multiple symmetry-equivalent measurements. The structures were solved by direct methods and refined by full-matrix least squares on weighted F2 values for all reflections using the SHELX suite of programs.109













































6 Oxygen containing ligands  

6.1 Summary
The previous chapter discussed the specific binding of a neutral molecule to the central cavity of a polyhedral cage cation.  The substrate becomes encapsulated via a slow exchange process and the binding affinity is relatively low.  By exploiting the hydrophobic effect the binding constant of encapsulation can be improved substantially.  So far, the water-soluble cages synthesised by groups of Raymond, Fujita and Nitschke have proven to be the most successful in terms of guest-binding.  The principles of the hydrophobic effect involve the use of water as the solvent and a capsule-like species with a hydrophobic internal surface.  When a hydrophobic substrate is introduced to an aqueous solution of the capsule it is forced to reside away from the bulk solvent, in the central cavity of the capsule.  The reason why binding is weak and exchange slow in the case of coumarin and the cubic cage complex is partly that coumarin is soluble in acetonitrile, the solvent used for the study.  Critically, for the hydrophobic effect to work, the encapsulating cage species needs to have a hydrophilic external surface to be soluble in water, whilst possessing a hydrophobic internal surface to offer refuge to a hydrophobic substrate. 


















































However, to maintain the ligand’s solubility, an additional substituent is attached to the convex side of the ligand.  Quaternary ammonium groups are used to make the ligands and cage structure amphiphilic and these do not affect the structure’s ability to self-assemble.

Stang and co-workers have also synthesised exo-functionalised cages, one example of which is a cuboctahedron coated with crown ethers shown in Scheme 6.2.150  Eight tritopic ligands, with pyridyl electron donor units, cap the faces of the cage whilst the vertices are defined by platinum(II) ions, linked by two alkyne groups and a phenyl spacer. The crown ethers are connected to the backbone of the cage via bonds between their own hydroxyl groups and the phenyl spacers of the ligands.  The cage has the potential to act as an endo and exo receptor as there are two ways in which the structure can bind substrates.

6.3 Complex from ligand containing a methoxy  group







This anisole spacer ligand, LOMe, was intended to be deprotected to produce a ligand with a phenol spacer.  By incorporating a hydroxy group on the central spacer of the ligand, it was hoped that it would point inwards upon cage formation and allow for specific guest binding via hydrogen bonding within the central cavity.  Another possibility was that the hydroxy groups would enable the cage complex to be soluble in water by pointing away from the cage and interacting with the solvent.  The related ligand, with an unsubstituted meta-phenylene spacer, can be used to prepare either a cubic cage or an “open book” structure52 and it was hoped that this ligand would allow similar structures to form.  















The complex crystallises in the centrosymmetric space group P2(1)/c and the asymmetric unit contains a complete complex cation along with three tetrafluoroborate anions.  The Co−N bond distances are in the range 2.09 − 2.18 Å, the Co−O bond distances are slightly longer at 2.21 Å, whilst the Co−F bond distances are the shortest at 1.99 Å.  The structure is relatively compact as the Co•••Co separation is 3.917 Å.  A full list of Co(II)–ligand bond lengths is shown below in Table 6.1. 


























Attempts to characterise the product in solution using 1H NMR and electrospray mass spectrometry were not successful.  No evidence using either method showed signs of the complex, suggesting that it is unstable in solution, only forming as it crystallises. 

As the methoxy substituent on this ligand coordinates to cobalt(II), the following deprotection step was not carried out as it was thought that a hydroxyl substituent on the phenyl ring would have the same effect.  Attempts were made to discover what complex formed when fluoride ions were not present.  This was done by stirring LOMe and Co(BF4)2 at room temperature, avoiding the fluoride liberating conditions of a solvothermal reaction and also by using Co(ClO4)2 in place of Co(BF4)2.  Neither method produced any results, suggesting that the bridging fluoride ions are necessary for the formation of a complex.  It is also possible that steric hindrance caused by the methoxy group prevents cage formation.  
6.4 Ligands functionalised on the binding unit
















There are several advantages to this strategy such as the retention of structural topology as the position of the substituent on the binding unit allows the spacer to adopt its preferred conformation without interference from the added bulk of an additional functional group.  By developing a new binding unit, each bis-bidentate ligand that has been previously synthesised by the Ward group can effectively be modified by employing the spacer units that we have already used.  A new catalogue of cage complexes can potentially be compiled, with each cage water-soluble and able to encapsulate different substrates.  Another obvious advantage of functionalising the binding unit is that there are two of them present on the bis-bidentate ligands.  This method will therefore be twice as effective as functionalising the central spacer in terms of numbers of substituents introduced.

















































































So far no cage complexes have been synthesised using these new ligands.  Analysis of the crude products from their reaction with metal salts is very difficult and the 1H NMR spectra do not allow any characterisation to be made.  These crude products are soluble in water and analysis using ES-MS shows various m/z peaks.  However, it is difficult to obtain much information from the spectra as the structures are able to become charged through the loss of anions or via hydroxyl group protonation.  The series of peaks that are normally observed through sequential anion loss are not seen and it is therefore extremely difficult to determine the mass values that correspond to particular m/z peaks.

The group has very recently synthesised two new cage structures from similar ligands.  Two tetrahedral cages, one using a ligand with an ortho-phenylene central spacer and the other using a ligand with a biphenyl spacer, have been synthesised.  Both complexes are soluble in water and their crystal structures have been solved. 
6.5 Conclusions
The hydrophobic effect can be used effectively to strengthen substrate binding between a hydrophilic cage with a hydrophobic internal cavity and a hydrophobic molecule.  Two new ligands have been synthesised, L1,8-OH and L1,5-OH, possessing water-solubilising hydroxyl groups.  It is hoped that this additional functionality on the ligands will lead to cage structures with tailored external surfaces, enabling them to be soluble in aqueous media.  The reactivity of hydroxyl groups on the ligands enables the synthetic conversion to other functional groups.  It is also possible that a different functional group on the ligands will also allow the assembly of water-soluble cage complexes. 



















1. Preparation of 2,6-bis(bromomethyl)-anisole

A literature procedure by Takeuchi was followed and modified.106  To a solution of 2,6-dimethylanisole (1.0 g, 7.34 mmol) in carbontetrachloride (60 cm3) was added n-bromosuccinimide (2.88 g, 16.15 mmol) and AIBN (10 mg, 0.06 mmol).  The mixture was heated to reflux for 2 hr under a tungsten lamp and then allowed to cool to room temperature.  The CCl4 was then removed in vacuo and the solid was then dissolved in DCM and washed with 3 × 50 ml of water.  The solution was then dried using MgSO4 and the DCM was removed to give an orange oil which was recrystallised using methanol to give white crystals (0.8 g, 37 %).  1H NMR (250 MHz, CDCl3): δ 7.40 (2H, d, phenyl H2), 7.12 (1H, t, phenyl 3H), 4.49 (4H, s, CH2), 4.05 (3H, s, CH3). 

1. Preparation of LOMe
A literature procedure by Tidmarsh was followed and modified.103  To a solution of 1,3-bis(bromomethyl)-2-methoxybenzene (0.8 g, 2.73 mmol) and 3-(2-pyridyl)pyrazole (0.79 g, 5.47 mmol) in THF (100 cm3) was added aqueous NaOH (2.5 M; 20 cm3). The resulting mixture was heated to reflux for 24 h and then allowed to cool to room temperature. On cooling, a bright-yellow solid precipitated that was collected by filtration and washed with cold diethyl ether to yield analytically pure LOMe (0.20 g, 17 %).1H NMR (400 MHz, CDCl3): δ 8.64 (2H, d, pyridyl H6), 7.96 (2H, d; pyridyl H3), 7.73 (2H, td; pyridyl H4), 7.47 (2H, d; phenyl H),  7.28 (1H, t; phenyl H), 7.21 (2H, tdd; pyridyl H5), 7.09 (2H, d; pyrazolyl H5) 6.75 (2H, d; pyrazolyl H4), 5.49 (4H, s; CH2), 3.77 (3H, s; CH3).  ESMS: m/z 422 (M+).  Elemental analysis calculated for C25H22N6O•H2O: C 68.2; H, 5.5; N, 19.1 %; found: C, 68.2; H, 5.6; N, 19.1 %. 

Synthesis of [Co2(L1,3mo)2F](BF4)3
A literature procedure by Tidmarsh,103 using the solvothermal method was followed to yield pink crystals.

Synthesis of 4-[(tert-Butyldimethylsilyloxy)methyl]pyridine, A
A literature procedure by Falvey was followed.151,152
Synthesis of 4-[(tert-Butyldimethylsilyloxy)methyl]pyridine N-oxide, B
A literature procedure by Falvey was followed.151,152

Synthesis of 4-((tert-butyldimethylsilyloxy)methyl)picolinonitrile, C
A literature procedure by Gesellchen was followed and modified.153  Trimethylsilyl cyanide (16.0 cm3, 120.2 mmol) was added to B (23.0 g, 96.2 mmol) in dichloromethane (125 cm3) at room temperature.  Dimethylcarbomyl chloride (10.3 cm3, 120.2 mmol) in dichloromethane (20 cm3) was added dropwise with stirring to the reaction mixture over a 30-minute period.  The reaction mixture was stirred at room temperature for 24 hours.  A solution of 10 % aqueous potassium carbonate (125 cm3) was added dropwise to the reaction mixture and stirred for a further 20-minutes.  The organic layer was separated and the aqueous layer was extracted two times with dichloromethane (50 cm3).  The solvent was removed in vacuo and water was then added followed by 30-minutes of stirring.  Dichloromethane (100 cm3) was then added to the solution, the organic layer was separated and the aqueous layer was extracted two times with dichloromethane (50 cm3).  The combined organic layers were dried over magnesium sulphate.  The product was purified by column chromatography on silica using hexane/EtOAc (4:1) to yield a clear oil (15.2 g, 64 %).  1H NMR (400 MHz, CDCl3): δ 8.65 (1H, dd; pyridyl H6), 7.69 (1H, m; pyridyl H3), 7.48 (1H, dq; pyridyl H5), 4.79 (2H, s; CH2), 0.96 (9H, s; TBS tBu), 0.14 (6H, s; 2 x TBS CH3). 

Synthesis of 1-[4-[[[(1,1-dimethylethyl)dimethylsilyl]oxy]methyl]-2-pyridinyl]-ethanone, D
A literature procedure by Gotor was followed and modified.154  To a solution of C (2.0 g, 8.1 mmol) in dry Et2O (20 cm3) at 0 °C and under a nitrogen atmosphere, a solution of methylmagnesium bromide 3.0 M solution in Et2O (3.0 cm3, 8.8 mmol)  was added.  Once the addition was complete, the mixture was stirred at room temperature for 1 h, after which time a solution of saturated ammonium chloride solution was added at 0 °C (50 cm3).  The resulting mixture was stirred at room temperature for an additional 14 h.  The organic layer was separated and the aqueous layer was extracted five times with diethyl ether (50 cm3).  The combined organic layers were purified by chromatography on silica using hexane/EtOAc (4:1) to yield a white solid (0.71 g, 35 %).  1H NMR (400 MHz, CDCl3): δ 8.65 (1H, dd; pyridyl H6), 7.96 (1H, m; pyridyl H3), 7.50 (1H, dq; pyridyl H5), 4.80 (2H, s; CH2), 2.74 (3H, s; CH2), 0.96 (9H, s; TBS tBu), 0.13 (6H, s; 2 x TBS CH3). 

Synthesis of E
A literature procedure by Uber was followed and modified.139  A round-bottomed flask was charged with 3.3 g (13.18 mmol) of D and 10.5 cm3 (9.42 g, 79.08 mmol) of N,N-dimethylformamide dimethyl acetal.  The reaction mixture was refluxed overnight to produce a dark brown solution which was then evaporated to dryness.  Column chromatography on silica using 5 % MeOH in DCM was carried out to give a brown solid (3.5 g, 83 %). 1H NMR (400 MHz, CDCl3): δ 9.61 (1H, dd; pyridyl H6), 8.05 (1H, m; pyridyl H3), 7.93 (1H, d; vinyl H1), 7.43 (1H, dq; pyridyl H5), 6.46 (1H, d; vinyl H2), 4.82 (2H, s; CH2), 3.19 (3H, s; NMe1), 3.01 (3H, s; NMe2), 0.97 (9H, s; TBS tBu), 0.13 (6H, s; 2 x TBS CH3). 

Synthesis of F
A literature procedure by Uber was followed and modified.139  7.1 cm3 (113.98 mmol) of hydrazine monohydrate (50 -60 %) was added to a solution of 3.5 g (10.92 mmol) of E in 10 cm3 of ethanol. The reaction mixture was heated to 60 °C and stirred for 1 hour.  The ethanol was then removed in vacuo and column chromatography on silica using 5 % MeOH in DCM was carried out to give an off-white solid (1.3 g, 41 %). 1H NMR (400 MHz, CDCl3): δ 11.26 (1H, s; NH), 8.58 (1H, dd; pyridyl H6), 7.69 (1H, m; pyridyl H3), 7.67 (1H, d; pyrazolyl H3), 7.23 (1H, dq; pyridyl H5), 6.79 (1H, d; pyrazolyl H4), 4.81 (2H, s; CH2), 0.99 (9H, s; TBS tBu), 0.15 (6H, s; 2 x TBS CH3). 

Synthesis of L1,8-OTBS




1H NMR (400 MHz, MeOD): δ 8.51 (2H, d; pyridyl H6), 8.05 (2H, d; pyridyl H3), 7.91 (2H, s; pyridyl H5), 7.60 (2H, t; naphthyl H3/H6), 7.45 (4H, d; naphthyl H2/H7 and H4/H5), 7.37 (2H, d; pyrazolyl H5), 6.90 (2H, d; pyrazolyl H4), 5.94 (4H, s; CH2), 5.32 (4H, s; OCH2), 1.61 (18H, s; 2 x TBS tBu), 0.96 (12H, s; 4 x TBS CH3).  

Synthesis of L1,8-OH




1H NMR (400 MHz, MeOD): δ 8.47 (2H, d; pyridyl H6), 8.19 (2H, d; pyridyl H3), 8.02 (2H, s; pyridyl H5), 7.62 (2H, d; naphthyl H4/H5 or H2/H7), 7.54 (2H, t; naphthyl H3/H6), 7.35 (2H, d; naphthyl H4/H5 or H2/H7), 7.32 (2H, d; pyrazolyl H5), 6.90 (2H, d; pyrazolyl H4), 5.93 (4H, s; CH2), 4.71 (4H, s; OCH2).  ESMS: m/z 503.3, (M+H)+; 252.1, (M+2H)2+.  Elemental analysis calculated for C30H26N6O2: C 71.7, H 5.2, N 16.7 %; found: C 71.7, H 5.0, N 16.7 %.

















ρ / g cm-3	1.420
μ / mm-1	0.662
Data, restraints, parameters	13306, 154, 606
Rint for independent data	0.0808


















aThe value of R is based on ‘observed’ data with I > 2σ(I); the value of wR2 is based on F2 values of all data.

Data for the structure was collected at the University of Sheffield on a Bruker APEX 2 diffractometer using graphite monochromated Mo-Kα X-radiation from a conventional sealed-tube source.  After integration of the raw data, and before merging, an empirical absorption correction was applied (SADABS)108 based on comparison of multiple symmetry-equivalent measurements. The structures were solved by direct methods and refined by full-matrix least squares on weighted F2 values for all reflections using the SHELX suite of programs.109
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Scheme 1.1 Self-assembly of palladium(II) based square.  Reproduced from reference 21.  


Figure 1.1 Molecular triangle constructed using octahedral Ru(II) ions with 60° bent ligands.25  Reproduced from reference 26.
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Scheme 1.15  Proposed catalytic cycle for the cationic 3-aza-Cope rearrangement within [Ga4(Lcat)6]12-.  Reproduced from reference 89.  The corresponding R groups of the substrates are shown in the table below.





















Figure 2.1 Structural diagram of Lbip


Figure 2.3 Space-filling picture of the complex cation [Co4(Lbip)6⊃(ClO4)]7+ with each ligand coloured differently, emphasising the inter-ligand π-stacking interactions and easy access to the central cavity which contains a perchlorate anion (turquoise).99







Figure 2.5 Structural diagram of L1,8-nap ligand.







Figure 2.7 View of [Cu12(L1,8-nap)18]24+ complex cation, emphasising the interligand aromatic stacking interactions, with three of the six sets of stacks coloured in red, yellow and purple.101































































Figure 2.16 Part of the complex cation of [Cd4(Lbip)6⊃(BF4)](BF4)7 detailing the array of CH•••F hydrogen-bonding interactions involving the central anion and the methylene groups close to Cd(1).100


Scheme 3.1 Schematic representation of ligand exchange between spherical complexes 1 and 2 to give complexes 3 and 4.  Reproduced from reference 59.














Figure 3.2 CSI-MS spectra (CH3CN, OTf- salt) showing the expanded regions for the 11+ signal for time dependent spectra at (a) overnight, (b) 35 h, and (c) 70 h. The mixed species 3 and 4 only appeared after 35 h.  Reproduced from reference 59.

Scheme 3.2 Schematic representation of ligand exchange between spherical complexes 2 and LA.  Reproduced from reference 59.


k = 10 s-1

k = 0.095 s-1








































































































































































Figure 3.11 Crystal structure of [Co4(Lo-ph)6-n(L2,3-nap)n⊃(BF4)](BF4)7,showing the partially occupied outer carbon atom sites on the naphthyl spacer.  The non-central BF4- ions have been removed for clarity
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Figure 4.1 Structural diagram of the bis-tridentate ligand Ltpp used by the Rice group, highlighting the proton that influences the self-assembly of the two helicates.128






































































































Figure 4.10 Crystal structure of the mononuclear complex [Cu(L1,8-pza)(H2O)](BF4)2.








Figure 4.11 Diagrams of two [Cu(L1,8-pza)(H2O)]2+ complexes within the crystal structure to emphasise the aromatic π-stacking between; (a) pyrazole-pyrazine units; (b) naphthyl units of adjacent molecules.

















































































































































Figure 4.18 Crystal structure of [Cd4(Lb-pza)6⊃(BF4)](BF4)7 showing one ligand and one tetrafluoroborate anion to emphasise the off-set positioning of the central counterion within the cage cavity.

















































Figure 5.3 Structures of the resorcin[4]arene (reso) and the pyrogall[4]arene (pyro) monomers.  The inset shows the cations investigated as the guests for the reso and pyro dimers. Labile OH hydrogen atoms are marked in blue.  Reproduced from reference 132.











































































Figure 5.11 Crystal structure of [Co8(L1,5-nap)12](BPh4)16 with ten ligands and all counteranions removed for clarity.  The dotted lines between Co(II) ions emphasise how the cube is slightly distorted.



























































Figure 6.1  Ligand synthesised by Fujita group possessing solubilising quaternary ammonium group.93







































Figure 6.3 Structural diagrams of [Co2(L1,3-OMe)2F](BF4)3; (a) looking down the Co-F-Co bond; (b) looking across it.  The oxygen and fluorine atoms are coloured red and pink respectively.













































































Scheme 6.4 General reaction pathway for synthesis of L1,8-OH and L1,5-OH where; (i) = sodium hydride; (ii) = tetrabutylammonium fluoride.


Where α = the largest angle in the complex
 β = the 2nd largest angle in the complex
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